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ABSTRACT 


A  program  to  design,  fabricate,  and  test  a  laboratory  model  of  an  oxygen 
concentrator,  capable  of  generating  0.20  lb/hr  of  pure  oxygen  by  electro- 
chemically  concentrating  it  from  air,  was  successfully  conducted.  The 
fabricated  model  consisted  of  2 6  series -connected  cells.  Pour  of  the  cells, 
tested  before  incorporation  into  the  26-cell  unit,  demonstrated  an  oxygen 
generation  rate  of  0.10  lb/hr.  A  26-cell  unit  operating  at  an  equivalent 
unit  cell  output  would  produce  nearly  0.68  lb/hr,  over  th.ee  times  the  design 
level.  The  26-cell  unit  itself  was  operated  at  a  maximum  output  of  about  0.5 6 
lb  /hr  for  only  a  short  period  of  time  because  at  this  level  the  heat  generated 
was  in  excess  of  the  heat  removal  systemsf  capacity.  At  the  completion  of  the 
contractual  test  program,  over  700  hours  had  been  accumulated  on  the  original 
four  cells,  about  3^5  hours  of  which  were  logged  while  functioning  as  part 
of  the  26-cell  unit.  During  its  3^5  hours  of  operation,  the  26-cell  unit  had 
an  over-all  average  output  of  0.22  lb/hr.  The  concentrator  was  shown  to 
function  properly  at  6.5  -  15-5  psia  pressures,  with  little  variation  in  the 
power  required  for  a  given  oxygen  output.  For  optimum  performance,  the  gen¬ 
erator  required  an  air  flowrate  of  at  least  2.5  times  the  theoretical  minimum. 
Oxygen  purity  was  over  99  •  5$>  except  when  the  air  compartment  pressure  exceeded 
the  oxygen  compartment  pressure  by  more  than  1-6  psi,  the  limiting  pressure 
differential  being  somewhat  dependent  upon  the  moisture  level  and  compression 
of  the  electrolyte  matrix.  Compared  to  the  laboratory  model  which  weighs  about 
28  pounds  and  consumes  240  -  300  watts  of  power,  an  optimized  concentrator  with 
the  same  0.2  lb/hr  oxygen  output  would  weigh  about  13  pounds  and  consume  150 
watts  of  power.  Also  included  in  this  program  was  the  design,  fabrication, 
and  testing  of  a  humidifier  that  would  operate  under  airborne  conditions.  This 
unit  had  a  opacity  for  humidifying  1  SCFM  of  room  air  to  a  dew  point  of  95$. 

A  control  system  for  the  generator  consisted  of  an  air  supply  a  power  supply, 
and  heat  removal  facilities.  Instrumentation  was  provided  for  measuring  and 
controlling  gas  flows,  pressures,  temperatures,  and  dew  points  and  for 
monitoring  cell  voltages. 


TABLE  OF  CONTENTS 


I 

r 

i 

i 

I 

1: 

]. 

i: 

i 

i 

i 

i 

1 

i 

i 

1 

i 

i 

i 


I.  INTRODUCTION 

Background 

Objective 

Approach 

II.  ELECTROCHEMICAL  OXYGEN  CONCENTRATING 

Cell  Operation 
Electrochemical  Principles 
Summary  of  Prior  Technology 

III.  DESIGN  AND  FABRICATION 

General  Design  Considerations 
Generator  Design  Parameters 
Generator  Fabrication 
Auxiliaries  and  Instrumentation 
Test  Rig  Instrumentation 

IV.  EXPERIMENTAL  RESULTS 

Two  -Cell  and  Four-Cell  Units 
Twenty-Six  Cell  Generator 
Demonstrated  Operating  Life 
Effect  of  Flowrate 
Effect  of  Inlet  Pressures 
Effect  of  Operating  Temperature 
Oxygen  Output 
Oxygen  Purity 

Stability  to  Pressure  Differentials 

V.  DESIGN  ANALYSIS  AND  RECOMMENDATIONS 

Design  Criteria  Evaluation 
Design  Improvements 
Problems  and  Solutions 
Design  Recommendation 

VI.  SUMMARY 

VII .  REFERENCES 

APPENDIX  -  DESIGN  CALCULATIONS 


1 

1 

1 


3 

5 

7 


10 

10 

12 

19 

27 


35 

37 

39 

39 

39 

hi 

hi 

hi 

k2 


kh 

h5 

46 

46 

50 

51 

52 


ILLUSTRATIONS 


FIGURE  NO* 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 
13 
lb 

15 

16 

17 

18 

19 

20 
21 
22 
23 

B-l 

C-l 

D~1 

D-2 

E-l 

F-l 

F-2 


Page 

Basic  Cell  Operation  4 

Variation  of  Voltage  with  Current  Oxygen  (Output)  6 

Reproducibility  of  Single  Cell  Test  Results  8 

Temperature  Versus  Vapor  Pressure  of  KOH  Solutions  13 

Generator  Components  15 

Air  Compartment  of  Bi  -Polar  Plate  17 

Oxygen  Compartment  of  Bi -Polar  Plate  18 

Twenty-Six-Cell  Assembly  20 

Twenty-Six-Cell  Oxygen  Generator  21 

Generator  and  Control  System  22 

Test  Rig  Schematic  23 

Humidifier  Assembly  25 

Water  Feed  System  2 6 

Flow  and  Pressure  Control  Panel  28 

Electrical  Instrumentation  Panel  30 

Heat  and  Humidification  Control  Panel  31 

Humidity  and  Temperature  Control  32 

Air  Supply  Trap  34 

Four -Cell  Generator  Performance  36 

Laboratory  Model  in  Operation  38 

Effect  of  Flowrate  40 

Effect  of  Flowrate  at  Reduced  Pressure  40 

Generator  Extended  Performance  43 

Bi -Polar  Plate  Temperature  Profile  63 

Theoretical  Air  Flow  Rates  65 

Illustration  of  Gas  Ducts  and  Ports  66 

Port  Passage  66 

Frame  Diagram  71 

Dimensional  Diagram  of  Cooling  Air  Passage  75 

Cooling  Air  Passage  76 


LIST  OF  TABLES 


0.2  Ib/hr  Oxygen  Generator  Design  Parameters 


Component  and  Total  Weights 


Comparison  of  Generator  to  he  Delivered  With 
and  Optimized  Generator  of  Same  Design 


Theoretical  Air  Flow  Rates 


SECTION  I.  INTRODUCTION 
Background 

As  a  result  of  TRW*s  research  efforts,  a  versatile  new  approach  for  electro- 
chemically  generating  pure  oxygen  has  been  conceived  and  demonstrated.  The 
unique  feature  of  the  TRW  device  is  that  air  is  the  source  of  oxygen.  Apply¬ 
ing  a  small  amount  of  electrical  power  while  air  is  being  fed  into  the  device 
results  in  the  separation  of  oxygen  from  the  inert  gases  and  impurities  found 
in  the  air.  The  approach  is  simple  in  that  only  a  source  of  air  and  electrical 
power  are  required  to  concentrate  the  oxygen.  The  device  itself  is  based  upon 
an  electrochemical  cell  design  that  is  inherently  lightweight  and  compact  and 
includes  the  features  necessary  for  operation  independent  of  orientation  relative 
to  gravitational  forces.  Of  the  many  applications  envisioned  for  the  concept, 
its  application  as  a  method  for  providing  oxygen  to  meet  the  breathing  needs 
of  aviators  seems  particularly  attractive. 

Traditionally  the  reliable  source  of  breathing  oxygen  for  aviators  has  been 
provided  by  supplying  a  sufficient  amount  of  oxygen  for  each  flight  prior  to 
takeoff.  Storage  and  maintenance  of  quantities  of  high  pressure  or  cryogenic 
oxygen  onboard  aircraft  pose  significant  logistics  and  safety  problems.  The 
maintaining  of  equipment  for  production  and  storage  of  this  oxygen  on  combat 
bases  poses  additional  safety  hazards  and  levies  a  significant  cost  in  training 
and  surveillance. 

Objective 


A  program  was  initiated  to  design,  fabricate,  test  and  deliver  a  0.2  Ib/hr 
laboratory  model  of  the  electrochemical  oxygen  generator.  Such  an  oxygen 
generator  would  be  capable  of  meeting  the  breathing  needs  of  an  aviator  'when 
combined  with  a  rebreather  system  and  would  provide  enough  excess  to  replace 
leakage  losses.  Included  as  part  of  the  program  was  the  development  of  a 
design  recommendation  based  upon  the  test  results  conducted  on  the  program. 

Approach 

The  generator  and  control  system  were  designed  according  to  technology 
possessed  by  TRW  prior  to  initiation  of  the  program.  The  development  of  the 
final  2 6  cell  model  of  the  0.2  lb/hr  oxygen  generator  proceeded  in  stages. 
Initially  a  2  cell  unit  was  built  to  verify  the  design.  This  was  followed 
by  extensive  testing  of  a  k  cell  unit.  Ultimately  these  units  were  incorporated 
into  the  final  26  cell  device.  Optimizing  of  the  generator  geometry  was  given 
secondary  emphasis  and  standard  components  were  used  for  the  auxiliaries  when¬ 
ever  possible.  Testing  of  the  device  was  also  completed  in  stages  going  from 
the  lesser  to  the  more  taxing  operating  conditions.  The  tests  performed 
consisted  of  varying  the  air  pressure,  air  flowrate,  pressure  differential 
across  the  cell,  and  operating  temperatures  and  measuring  the  effects  these 
variations  had  on  the  generators  power  requirements.  Operation  was  initiated 
with  air  at  atmospheric  pressure  and  ultimately  demonstrated  with  air  pressure 
as  low  as  6.5  psia.  The  flowrate  of  air  fed  to  the  generator  was  varied 
from  the  point  where  one  fifth  of  the  oxygen  in  the  air  passing  through  the 
device  was  separated  as  pure  oxygen  to  the  point  where  more  than  one  third 
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of  the  available  oxygen  was  stripped  from  the  air.  The  pressure  differential 
was  varied  from  1  to  6  psi  while  the  operating  temperature  ranged  from  room 
temperature  to  125°F.  These  tests  were  used  to  evaluate  the  generator  design 
and  to  characterize  the  effects  of  operating  parameters  on  its  performance. 


2 


SECTION  II.  ELECTROCHEMICAL  OXYGEN  CONCENTRATING 


Cell  Operation 

The  method  hy  which  pure  oxygen  is  separated  from  air  can  be  illustrated  with 
the  aid  of  the  simplified  cell  diagram  shown  in  Figure  1.  The  basic  cell 
consists  of  two  porous  metal  electrodes  separated  by  an  electrolyte  solution 
of  aqueous  potassium  hydroxide.  The  electrolyte  is  held  in  an  absorbent 
porous  material  which  prevents  the  solution  from  leaking  through  the  porous 
electrodes.  Air  is  passed  into  the  gas  compartment  over  one  of  the  porous 
electrodes  called  the  cathode.  When  a  DC  power  supply  (e.g.,  battery)  is 
connected  to  the  cell  electrodes,  electrons  are  caused  to  flow  through  the 
cathode.  The  oxygen  molecules  from  the  air  react  with  these  electrons  and 
with  water  molecules  from  the  electrolyte  to  form  hydroxyl  ions.  The  half- 
cell  reaction  which  occurs  at  the  cathode  is  given  by 

02  (Air)  +  2HgO  +  ke~-—kOR 

The  hydroxyl  ions  migrate  under  the  electromotive  force 
battery  to  the  other  porous  electrode  termed  the  anode, 
the  ions  are  discharged  to  again  form  oxygen,  water,  and 
to  the  half -reaction 


(i) 


provided  by  the 
At  this  electrode 
electrons,  according 


40H~ — ►  0^  +  2H20  +  4e 


(2) 


The  oxygen  is  now  separated  from  the  other  gases  found  in  the  air.  These 
gases,  in  turn,  pass  out  the  exhaust  manifold  of  the  cell.  The  water  released 
at  the  anode  returns  to  the  electrolyte  and  the  electrons  travel  through  the 
external  circuit  back  to  the  cathode  where  they  react  with  more  oxygen.  The 
process  continues  as  long  as  air  and  power  are  provided  and  as  long  as  the 
cell  moisture  balance  is  maintained  within  certain  limits. 

According  to  Faraday* s  Law*s  of  Electrolysis,  the  quantity  of  oxygen  that  is 
consumed  from  the  air  and  released  in  the  anode  compartment  is  directly 
proportional  to  the  current  (electrons)  that  is  allowed  to  flow  through  the 
cell.  The  output  of  a  unit  can  be  expressed  by  the  equation 

W  =  6.58  x  lo"1*'  (l)(N)  (3) 


where 

W  =  oxygen  output,  lb/hr 
I  »  current,  amps 

N  =  the  number  of  series  connected  cells  in  the  unit 
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To  generate  0.2  lb  of  oxygen  per  hour  from  a  single  cell  required  a  current 
flow  of  304  amps.  If,  however,  several  single  cells  are  electrically  connected 
in  series, the  current  flow  required  is  decreased.  In  the  generator  designed 
under  the  contract^  a  total  of  2 6  cells  were  electrically  connected  in  series. 
This  means  that  one  twenty-sixth  of  304  amps  of  11.7  amps  is  required  to  power 
the  cell  assembly.  Electrically  connecting  the  2 6  cells  in  series  requires 
that  the  voltage  provided  by  the  power  supply  be  2 6  times  higher  than 
for  a  single  cell.  The  oxygen  generator  was  designed  to  match  the  particular 
combination  of  current  and  voltage  that  is  available  from  a  conventional  28 
volt  DC  aircraft  power  supply. 

Electrochemical  Principles 

The  actual  reaction  steps  which  occur  in  transforming  molecular  oxygen  into 
hydroxyl  ions  are  not  fully  understood.  The  process  is  initiated  with  the 
chemisorption  of  the  oxygen  onto  the  catalyst  surface  of  the  electrode.  The 
overall  reaction  results  in  the  combination  of  the  chemisorbed  oxygen  with 
water  and  electrons  to  form  hydroxyl  ions. 

It  can  be  seen  that  the  oxygen  evolution  reaction  given  by  equation  (2)  Is  the 
reverse  of  oxygen  consumption  reaction,  shown  as  equation  (l).  To  accomplish 
the  overall  process  these  two  half -cell  reactions  are  combined.  From  thermo¬ 
dynamic  relationships  involved  with  the  overall  process  it  can  be  shown  that, 
if  these  half -cell  reactions  were  to  occur  ideally,  the  application  of  only 
a  small  voltage  would  be  sufficient  to  separate  the  oxygen  from  air.  Thus 
the  voltage  for  pumping  oxygen  from  air  at  a  pressure  of  1.0  atmosphere  into 
a  compartment  filled  with  pure  oxygen  at  1.0  atmosphere  would  ideally  be  0.01 
volt  and  the  theoretical  power  input  required  to  separate  0.2  lb  of  oxygen 
would  be  3*04  watts  (304  amps  x  0.01  volt  per  cell).  Unfortunately  the  actual 
voltage  required  is  considerably  higher  than  the  minimum  theoretical  voltage. 
With  a  practical  cell  generating  0.2  lb  of  oxygen  per  hour, the  voltage  is 
about  1.0  volt  per  cell.  This  means  that  the  power  required  is  about  304 
watts  (304  amps  x  1.0  volt  per  cell)  l a)  The  additional  power  requirement  is 
needed  to  overcome  electrode  inefficiencies  and  internal  ohmic  resistive  losses. 

Since  the  current  required  to  produce  a  given  mass  of  oxygen  is  fixed  (Faraday* s 
Laws  of  Electrolysis),  the  only  way  to  reduce  power  requirements  of  the  oxygen 
concentrating  process  is  to  minimize  the  voltage  drop  across  the  cell.  In 
Figure  2  the  relationship  between  voltage  required  and  current  flow  (oxygen 
output)  is  illustrated.  For  the  purpose  of  simplification,  the  voltage  loss 
due  to  the  internal  resistance  has  been  omitted.  As  the  cell  current  Increases 
the  voltage  difference  increases,  since  each  electrode  behaves  less  ideally. 


As  will  be  noted  later,  various  techniques  can  be  used  to  decrease  the 
required  voltage.  Both  the  results  under  this  program  and  the  results 
of  TRW*s  independent  research  efforts  have  shown  that  the  0.2  lb/hr  output 
could  be  obtained  with  r  power  of  240  watts  (0.8  volt  per  cell)  or  less. 
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FIGURE  2  VARIATION  OF  VOLTAGE  WITH  CURRENT  (OXYGEN  OUTPUT) 


The  values  of  E^  and  E^  represent  the  voltage  that  must  he  applied  to  sustain 
the  current  (oxygen  outputs)  denoted  by  In  and  I*,  respectively.  The 
variation  of  each  electrode  from  its  ideal  performance  is  termed  polarization. 
This  polarization  results  from  at  least  two  components;  (l)  polarization  due 
to  the  slow  activation  steps  of  the  electrochemical  reactions  and  (2)  polar¬ 
ization  associated  with  the  slowness  of  the  ionic  mass  transport  processes  to 
and  from  the  electrodes  as  well  as  changes  in  the  partial  pressure  of  oxygen 
in  the  gas  phase,  ' 

Losses  due  to  internal  resistance  of  the  cell  result  from  (l)  the  resistance  of 
the  electrolyte,  (2)  the  contact  resistance  between  the  electrodes  and  the  leads, 
(3)  the  contact  resistance  between  electrodes  and  electrolyte  if  the  electrodes 
are  not  supported  properly,  and  (k)  the  resistance  of  the  electrodes  themselves. 
It  is  important  to  minimize  the  internal  resistance  of  the  electrochemical 
cell.  Not  only  does  the  internal  resistance  result  in  the  need  for  increased  ’ 
power  required  at  the  cell  terminals  but  it  also  gives  rise  to  heat  which  must 
be  dissipated. 

Summary  of  Prior  Technology 

Prior  to  initiation  of  the  present  program  TRW  had  designed  and  operated  many 
experimental  cells.  As  a  result,  a  basic  cell  was  designed  that  (l)  had  a 
performance  considerably  above  that  of  the  initial  cells,  (2)  could  be  con¬ 
trolled  to  deliver  oxygen  continuously  in  spite  of  variations  in  operating 
conditions,  and  (3)  could  be  packaged  for  operation  under  the  rugged  conditions 
anticipated  for  field  operation.  Associated  with  the  last  condition  was  an 
operational  design  that  was  not  dependent  upon  gravity. 

A.  Single  Cell  Studies  With  2.5  x  2.5  Inch  Electrodes 

The  feasibility  of  the  oxygen  concentrating  concept  was  demonstrated  by  the 
successful  operation  of  a  multitude  of  small  cells.  Total  operating  time  of 
over  1000  hours  was  logged  with  most  cells  operating  for  20  to  30  hours.  In 
Figure  3,  the  range  in  performance  observed  with  these  initial  cells  is  sum¬ 
marized.  Cells  that  had  experienced  a  degradation  in  performance  could  be 
regenerated  by  either  reloading  with  electrolyte  or  readjusting  the  electrolyte 
concentration  to  the  initial  value  by  passing  air  with  the  appropriate  water 
vapor,  through  the  cell.  Operating  life  of  single  cells  was  demonstrated  to 
be  over  350  hours  when  the  cell  electrolyte  concentration  was  held  constant. 

This  was  accomplished  by  humidifying  the  air  fed  to  the  cell  until  the  water 
vapor  pressure  in  the  air  matched  the  vapor  pressure  of  the  cell  electrolyte. 


B.  Single  Cell  Studies  With  6x6  Inch  Electrodes 

Cells  were  also  constructed  with  electrodes  having  larger  geometrical  areas. 
Operation  of  these  cells  demonstrated  that  a  scale-up  in  electrode  size  did 
not  effect  the  cell  performance  at  low  levels  of  oxygen  concentration. 

However,  the  perf or  aance  at  higher  oxygen  outputs  per  unit  of  electrode  area 
was  only  about  2/3  that  observed  with  the  smaller  cells.  Such  factors  as  air 
distribution,  heat  removal,  and  current  collection,  which  directly  effect  the 
cell  performance,  vary  in  scaling  up  from  smaller  to  larger  cell  areas.  Thus, 
a  prediction  of  the  performance  of  larger  cells  from  smaller  cell  data,  cannot, 
in  general,  be  made  from  a  direct  extrapolation.  Variations  in  flow  rate 
were  also  evaluated  on  these  cells.  It  was  found  that  air  flowrates  of  3 
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to  5  times  the  theore+ical  flow  had  little  effect  on  perf ormance ,  especially 
at  lower  current  flows.  In  these  tests,  the  cell  was  operated  at  a  given 
current  while  variations  in  the  cell  voltage  were  observed  as  the  flowrate 
was  decreased. 

C.  Multicell  Design  Studies 

An  evaluation  was  made  of  the  factors  to  be  considered  in  designing  larger 
capacity  oxygen  generators.  Such  units  result  from  stacking  together 
multiple  single  cells.  The  larger  the  individual  cell  electrode  areas,  the 
smaller  the  number  of  individual  cells  were  required  to  deliver  a  given  oxygen 
output.  Square,  rectangular  and  circular  shaped  electrodes  had  been  investi¬ 
gated.  Their  performances  were  all  comparable.  The  shape  selected  for  a 
design,  therefore,  was  determined  to  be  the  one  which  best  fit  the  application 
environment  in  which  the  unit  was  to  operate  and  which  minimized  the  heat 
transfer  limitations. 


At  least  three  basic  heat  removal  designs  were  considered  including  (a) 
circulation  of  a  liquid  coolant,  (b)  evaporative  cooling,  and  (c)  conduction 
to  fins  cooled  with  air.  The  use  of  cooling  fins  was  considered  to  be  most 
reliable  for  a  laboratory  model  that  requires  a  maximum  in  control  over 
operating  variables. 

D.  Complete  Oxygen  Generating  System  Studies 

To  continually  operate  the  basic  electrochemical  oxygen  generator  requires 
several  accessories.  The  major  ones  were  determined  to  be  a  motor-blower 
to  supply  the  air,a  humidifier  to  add  water  vapor  to  the  air,  a' heat  removal 
subsystem  to  cool  the  concentrator,  and  a  power  supply.  Various  inter¬ 
relationships  exist  between  the  size  and  function  of  the  accessories;  for 
example,  operation  with  flowrates  more  nearly  equal  to  the  theoretical  flow- 
rate  decreases  the  total  mass  of  air  required.  This  lowers  the  size  of  the 
motor -blower  required  and  decreases  the  amount  of  air  to  be  humidified. 
Flowrates  below  3  times  the  theoretical  flowrate,  however,  Increased  the 
generator  power  requirements  and,  therefore,  the  amount  of  heat  to  be 
removed.  Final  design  of  a  complete  generating  system  was  found  to  depend 
strongly  upon  matching  the  various  accessories  to  best  meet  the  weight, 
volume,  and  power  conditions  established  by  the  oxygen  concentrator  appli¬ 
cation. 
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SECTION  III.  DESIGN  AND  FABRICATION 


General  Design  Considerations 

Initial  design  of  the  multicell  generator  system  was  based  on  prior  knowledge 
possessed  by  TRW  on  the  oxygen  concentrating  concept.  Primary  emphasis  was 
placed  on  obtaining  a  reliable  and  flexible  regulating  system  that  would 
maintain  the  oxygen  production  rate  at  a  controllable  level.  The  generator 
itself  received  the  major  emphasis.  The  auxiliaries  were  standard  off  the 
shelf  items  wherever  possible.  This  approach  permitted  a  maximum  amount 
of  time  to  be  spent  in  testing  of  the  generator.  The  optimization  of  size, 
weight,  and  power  penalties  were  given  secondary  emphasis  in  this  initial 
design. 

Fabrication  of  the  multicell  generator  was  accomplished  according  to  the 
initial  design  in  steps  progressing  toward  the  full  size  system  required 
for  delivery  to  the  Air  Force.  This  involved  the  building  of  a  few  smaller 
multicell  units  which  were  eventually  incorporated  into  the  0.2  lb/hr  unit. 

The  deliverable  0.2  Ib/hr  system  was  fabricated  so  that  the  component  cells 
could  be  easily  disassembled  and  separated.  This  facilitated  maintenance  and 
made  it  relatively  easy  to  change  the  number  of  cells  in  the  unit. 

Generator  Design  Parameters 

A.  Electrical  Power  Requirements 

In  previous  single  cell  investigations  it  has  been  observed  that  current 
densities  near  50  to  125  amps  per  sq.  ft.  (ASF)  could  be  obtained  with  cell 
potentials  of  0.8  to  1.2  volts.  The  actual  value  was  dependent  upon  operating 
parameters  such  as  temperature,  air  flowrate,  and  air  pressure.  While  the 
lower  voltages  obtained  with  selected  single  cells  under  optimum  conditions 
represent  a  goal  to  be  sought,  the  more  rigid  operating  conditions  (e.g.,  air 
inlet  pressures  of  6.5  psia)  indicated  a  more  conservative  level  should  be 
selected  for  the  large  capacity  generator.  A  design  point  of  35  ASF  was 
selected  with  the  assumption  that  about  1.0  volt  would  be  required  per  cell. 

The  generator  would  then  consist  of  26  cells  in  order  to  effectively  utilize 
the  26  volts  available  from  an  aircraft  power  supply,  after  allowing  2  volts 
for  power  conversion  to  obtain  a  constant  current.  It  should  be  noted  that 
the  generator  could  be  designed  to  match  virtually  any  combination  of  current 
and  voltage  by  selecting  a  series  and/or  parallel  combinations  of  electrochemical 
cell  arrangements. 

Substituting  the  value  of  N  =26  and  W  =  0.2  lb/hr  into  equation  3  shows  that 
a  generator  current  of  11. 7  amps  is  required.  This  current  and  a  current 
density  of  35  ASF  anticipated  with  each  cell  operating  at  1.0  yields  a 
calculated  electrode  area  of  0.33**  sq.  ft.  for  each  of  the  26-cells.  Based 
upon  previous  considerations  of  the  heat  and  mass  transport  problems  associated 
with  a  prototype  generator,  it  was  concluded  that  the  preferred  cell  geometry 
should  be  rectangular  with  the  short  side  being  about  4- inches  long.  These 
considerations  and  the  availability  of  a  standard  0-ring  to  match  the  design 
resulted  in  a  final  design  point  of  33*7  ASF  with  an  effective  electrode  area 
of  4,25  x  11.75  inches  (50  sq.  inches). 
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B.  Air  Feed  Requirement 

Two-tenths  of  a  pound  of  oxygen  per  hour  represents  a  volume  flowrate  of  2.24 
SCFH.  Since  air  contains  approximately  21#  oxygen,  the  theoretical  flowrate 
of  air  required  to  deliver  0.2  lb  Og/hr  is  2.24/0.21  or  10.7  SCFH.  It  was 
felt  that, during  testing  air  flowrates  as  high  as  5  times  this  theoretical 
amount  ( 53* 5  SCFH)  might  be  required  in  order  to  assure  that  polarization 
from  inert  gas  build  up  would  not  occur.  When  oxygen  is  generated  at  more 
or  less  than  0.2  lb/hr  the  flowrate  of  air  required  increases  or  decreased 
accordingly.  ( See  Appendix) . 

C.  Generator  Cooling  Requirements 

Heat  is  generated  during  the  electrochemical  separation  of  oxygen  from  air 
by  joule  heating  of  the  electrolyte  and  inefficiencies  in  the  electrode 
reactions.  Such  inefficiencies  result  from  polarization  losses  at  the  cathode 
and  overvoltage  occurring  at  the  anode.  This  heat  causes  the  generator 
temperature  to  rise  until  the  heat  generated  is  balanced  by  the  heat  losses. 

During  prior  studies  at  TRW,  various  methods  for  removing  this  heat  were 
cdnsidered,  including  evaporative  cooling,  coolant  circulation  through  the 
generator,  and  conduction  to  air  cooled  fins.  The  later  technique  was 
selected  as  most  applicable  to  a  first  design  because  it  is  a  passive  system 
in  which  the  cooling  requirements  can  be  separated  from  other  processes 
occurring  in  the  cells.  In  this  manner,  the  heat  produced  inside  the  generator 
is  transferred  to  the  bi -polar  plates  and  conducted  to  the -outer-edges  that 
make  up  the  cooling  fins. 

In  designing  the  bi -polar  plate,  a  higher  average  cell  voltage  than  actually 
anticipated  was  assumed.  A  value  of  1.2  volts  per  cell  or  a  total  generator 
voltage  of  31*2  volts  was  adapted,  for  a  heat  load  of  31*2  v  x  11. 7  amps  or 
364  watts.  The  heat  load  for  the  design  point  of  26  volts  and  11. 7  amps  is 
only  304  watts.  The  increased  cooling  load  assumed  in  designing  the  bi -polar 
plates  enables  operation  of  the  generator  at  oxygen  outputs  above  the  design 
point.  The  cooling  air  flow  requirements  for  stabilizing  the  generator's 
temperature  is  proportional  to  the  heat  (watts)  to  be  removed  divided  by  the 
temperature  rise  of  the  coolant  as  it  flows  across  the  cooling  fins.  With 
an  air  coolant  at  70°F  at  the  inlet  and  14.7  psia,  the  constant  is  3.16  or 

Cooling  Air  Flo„,  CFM  =  x  3.16 

The  thermal  analysis  is  described  in  the  Appendix  along  with  sample  heat  transfer  cal¬ 
culations.  For  a  heat  load  of  364  watts  and  assuming  1C°F  as  the  allowable 
air  temperature  rise,  the  cooling  flowrate  would  be  ll6  CFM. 

D.  Humidification  Requirement 

The  concentration  of  the  electrolyte  inside  the  concentrator  is  a  direct 
function  of  the  generator's  operating  temperature.  In  order  to  maintain  the 
concentration  at  a  fixed  level  the  moisture  content  or  dew  point  of  the  supply 
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air,  exhaust  air,  and  oxygen  must  be  balanced  so  that  no  net  transfer  of  water 
into  or  from  the  generator  occurs.  This  is  done  to  assure  that  the  electrolyte 
is  neither  desiccated  nor  diluted  during  the  course  of  generator  operation. 

The  following  example  illustrates  the  dependency  between  air  feed  dew  point 
and  KOH  electrolyte  vapor  pressure.  Assume  that  the  generator  is  operating 
at  100°P  and  the  KOH  concentration  is  30$.  The  dew  point  of  the  air  entering 
must  be  of  such  a  value  that  it  matches  the  vapor  pressure  of  the  electrolyte. 
In  Figure  k  the  relationship  between  temperature  and  electrolyte  vapor  pressure 
is  shown.  At  100°F  the  vapor  pressure  of  a  30$  KOH  solution  Is  28,3  mm  of  Hg. 
For  the  water  vapor  in  the  air  feed  to  match  this  vapor  pressure,  the  dew 
point  of  the  air  must  be  equal  to  the  temperature  at  which  air  would  be  100 
per  cent  saturated  at  a  vapor  pressure  of  28.8  mm  of  Hg.  This  temperature  is 
found  by  reading  the  abscissa  of  the  point  formed  by  the  intersection  of  the 
water  vapor  pressure  curve  with  a  horizontal  line  drawn  through  the  28.8  mm 
of  Hg  ordinate.  For  the  example  given  the  dew  point  required  is  82.3°F. 
Conversely,  if  it  is  known  that  the  cell  Is  at  an  equilibrium  temperature  of 
100°F  and  that  the  dew  point  of  the  equilibrium  exhaust  air  is  82.3°F>  the 
concentration  of  KOH  within  the  generator  is  30  per  cent.  If  the  air  had  a 
dew  point  greater  than  82.3°F  it  would  contain  water  vapor  at  a  pressure  of 
more  than  28.8  mm  Hg.  This  would  cause  water  to  condense  in  the  electrolyte 
and  dilute  it  until  the  point  was  reached  where  the  electrolyte  vapor  pressure 
matched  the  vapor  pressure  of  the  inlet  air.  If  on  the  other  hand  the  air 
entering  the  generator  had  a  dew  point  of  less  than  82.3°F  the  air  would  pick 
up  (evaporate)  water  from  the  electrolyte  thus  desiccating  it  and  causing  it 
to  become  more  concentrated.  The  process  would  continue  until  the  vapor 
pressure  of  the  electrolyte  matched  that  corresponding  to  the  air  feed  dew 
point . 

The  design  parameters  for  the  0.2  lb/hr  generator  are  summarized  in  Table  1. 
Generator  Fabrication 


The  basic  cell  construction  consists  of  two  porous  metal  electrodes  separated 
by  a  porous  matrix  which  contains  the  electrolyte.  Separating  the  individual 
cells  in  the  series  are  bi-polar  plates.  These  components  are  shown  in 
Figure  5* 

A.  Electrodes 


The  electrodes  consist  of  a  porous  layer  of  platinum  black  and  waterproofing 
agent  spread  uniformly  on  and  supported  by  a  fine  mesh  nickel  screen.  The 
electrode  is  flexible  and  highly  resistant  to  corrosion.  Its  total  thickness, 
including  the  coating  is  0.0045  inches.  The  thinness  of  the  electrodes  makes 
the  generator  light  and  compact.  It  also  minimizes  polarization  at  the  air 
cathode  which  is  caused  by  a  blanket  of  inert  gases  that  builds  up  in  the 
pores  of  the  electrode  as  oxygen  is  consumed  there.  Keeping  the  electrode 
thin  minimizes  the  thickness  of  the  inert  gas  blanket,  thus  allowing  oxygen 
to  diffuse  easily  to  the  reaction  zone. 
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Table  1 


0.2  lb/hr  Oxygen  Generator  Design  Parameters 


2 

Effective  Electrode  Area,  ft 
Current  Density,  ASF 
Current,  Amps 

No.  Cells,  Series  Connected 
Generator  Voltage,  volts 
Voltage  Per  Cell,  volts 
Air  Feed  Flow  Rate,  SCFM 
Theoretical 

2  x  Theoretical 

3  x  Theoretical 

4  x  Theoretical 

5  x  Theoretical 
Generator  Temperature,  °F 
Air  Pressure,  psia 
Cooling  Air  Flow  Rate,  SCFM 
Electrolyte  Concentration,  $K0E 
Air  Feed  Dew  Point,  °F 


0.347  (4.25  x  11.75  in) 
33-7 
11.7 
2  6 
2  6 
1.0 


0.178 

0.356 

0.534 

0.715 

0.892 

100 

15.5  decreasing  to  6.5 
96 
32 
80 
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FIGURE  5 

GENERATOR  COMPONENTS 


B.  Electrolyte  Holding  Matrix 


The  porous  matrix  used  to  contain  the  electrolyte  between  the  cell  electrodes 
is  a  high  purity  form  of  asbestos.  It  provides  a  uniform  separation  of  the 
electrodes  and  was  designed  to  hold  the  electrolyte  in  proper  contact  with  the 
electrodes  regardless  of  their  orientation  relative  to  the  external  forces  of 
gravity  or  acceleration.  The  matrix  also  serves  to  separate  the  air  compartment 
gases  from  the  oxygen  compartment.  Close  spacing  effectively  lowers  the  cell 
internal  resistance  and  prevents  air  from  diffusing  through  and  mixing  with 
the  evolved  oxygen  on  the  anode  side.  A  matrix  thickness  of  0.03  inches  was 
used  in  the  generator  assembly. 

C.  Electrolyte 

After  assembly, the  matrix  and  electrodes  were  filled  with  electrolyte  solution. 
Although  cells  have  been  operated  with  acid  and  neutral  electrolytes,  performance 
has  been  found  to  be  better  with  an  alkaline  electrolyte.  Potassium  hydroxide 
is  the  specific  electrolyte  selected,  because  its  aqueous  solutions  have  a 
high  electrolytic  conductance.  The  electrolyte  concentration  used  was  32  per 
cent  by  weight. 

D.  Bi -Polar  Plates 


The  bi-polar  plates  were  fabricated  from  a  magnesium  alloy.  Following 
machining  of  the  plate  it  was  plated  first  with  nickel  and  then  gold  to 
prevent  corrosion.  The  bi-polar  plate  serves  several  functions;  it  supports 
the  electrodes  and  electrically  connects  individual  cells  in  series;  it 
serves  to  manifold  the  air  effectively  to  the  surface  of  the  electrodes; 
and  its  cooling  fins  provide  the  means  of  removing  waste  heat  produced  in 
the  cells.  Photographs  of  the  air  and  oxygen  sides  of  the  bi-polar  plate  are 
shown  in  Figures  6  and  7>  respectively.  A  recessed  area  on  the  air  side  is 
used  to  retain  the  electrolyte  matrix.  The  baffles  used  to  direct  the  gases 
are  lengths  of  Teflon  spaghetti  tubing  inserted  between  closely  spaced  pins 
machined  into  the  plate.  The  0-ring  arrangement,  ports,  and  gas  ducting 
can  also  be  seen  in  the  photograph. 

Air  is  distributed  to  the  individual  cell  air  compartments  down  the  two  ports 
in  the  center  at  one  end  of  the  bi-polar  plate.  The  air  then  passes  laterally 
through  the  ducts,  indicated  in  Figure  6,  into  the  gas  compartments.  After 
passing  over  the  electrode  surface,  the  waste  gases  pass  out  of  the  ducts  and 
down  the  two  ports  to  the  outside  of  the  bi-polar  plate.  The  gas  ducting  and 
ports  were  designed  according  to  the  technique  presented  in  the  Appendix. 

The  oxygen  compartment  had  two  ports  although  one  is  plugged  at  the  end  plate. 
The  extra  port  was  added  so  that  the  air  and  oxygen  compartments  could  be 
interchanged.  The  oxygen  generated  on  the  anode  passes  out  of  the  oxygen 
compartment  as  indicated  by  the  arrows  in  Figure  7* 

After  fabricating  the  bi-polar  plates  for  the  2- and  4-cell  units,  a  new 
technique  was  developed  to  cut  down  the  fabrication  time  required  and  at  the 
same  time  improve  the  design.  Fabrication  of  the  bi-polar  plate  initially 
required  that  18  slots  from  the  gas  ports  to  the  gas  compartments  be  machined 
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into  each  plate.  After  the  bi-polar  plate  was  nickel  plated,  a  stainless  steel 
tube  was  manually  inserted  into  each  of  the  machined  slots.  Silicone  rubber 
was  then  used  to  fill  the  voids  that  remained  after  putting  the  round  tube  in 
a  rectangular  slot.  The  new  technique  involved  drilling  the  ducts  directly  into 
the  bi-polar  plate,  with  special  flexible  drills.  In  all  aspects  the  drilled 
ducts  were  far  superior  to  the  manually  inserted  ones. 

E.  Edge  Sealing 

The  cells  are  sealed  when  the  smooth  flange  area  of  the  bi-polar  plates  are 
pressed  tightly  against  the  wet  matrix.  The  rubber  gasket  frames  the  matrix 
and  serves  to  control  the  matrix  compression.  It  also  prevent  direct  electri¬ 
cal  contact  between  the  flanges  of  the  bi-polar  plates  which  would  short  out 
the  cells.  The  initial  generator  design  called  for  a  10  mil  epoxy  coating 
on  the  outer  edge  of  the  bi-polar  plate  rather  than  the  gasket,  but  difficulties 
were  encountered  in  applying  such  a  thin  coat  of  epoxy.  A  15  mil  gasket 
thickness  had  to  be  used  since  10  mil  neoprene  was  not  available.  As  will 
be  noted  later,  this  substitution  decreased  the  extent  to  which  pressure 
differentials  between  gas  compartments  could  be  tolerated.  Rubber  0-rings 
were  used  to  seal  the  generator  from  external  leaks.  0-rings  were  also 
used  to  seal  the  ports  in  the  bi-polar  plates,  which  when  assembled  in  the 
26-cell  module  formed  the  internal  manifolds  for  the  gases. 

F.  End -Plates 


The  series  stack  of  26  individual  cells  were  sandwiched  between  two  structural 
end-plates  as  shown  in  Figure  8.  Drilled  and  tapped  holes  in  the  end-plates 
permitted  ready  coupling  to  the  external  gas  systems  through  standard  fittings. 
The  end-plates  were  bolted  together  to  seal  the  assembly.  One  end-plate  was 
machined  to  serve  as  an  air  compartment  while  the  other  served  as  an  oxygen 
compartment.  A  photograph  of  the  actual  26-cell  model  is  shown  in  Figure  9* 

Auxiliaries  and  Instrumentation 


A  photograph  of  the  concentrator  and  test  rig  delivered  under  the  contract  is 
shown  in  Figure  10.  As  seen  by  the  schematic  diagram  in  Figure  11,  the 
oxygen  concentrating  system  auxiliaries  are  composed  of  the  air  supply,  air 
exhaust,  oxygen  exhaust,  temperature  control,  and  power  supply  subsystems. 

A.  Air  Suppl?/  Subsystem 

Compressed  air  was  used  as  the  source  of  air  fed  to  the  generator  except 
during  operation  at  less  than  atmospheric  pressure.  Tests  at  reduced 
pressures  were  carried  out  by  using  a  positive  displacement  carbon  vane  pump. 
The  desired  vacuum  was  simultaneously  drawn  on  both  the  oxygen  and  air  sides. 
The  air  flowrates  were  maintained  by  regulating  the  leakage  through  the  inlet 
air  flow  control  valves.  Acting  as  a  compressor,  the  pump  has  the  capacity 
to  deliver  2.7  SCFM  against  a  pressure  head  of  10  psig.  This  pump,  therefore, 
could  also  be  used  as  the  air  source  for  the  generator. 

A  M3C1001EC  Pall  Trinty  filter  was  used  to  remove  foreign  particles  from  the 
incoming  air  stream,  and  a  soda  lime  canister  was  used  to  absorb  the  small 
amount  of  carbon  dioxide  found  in  air  to  prevent  the  C0o  from  neutralizing  the 
KOH  electrolyte.  ^ 
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Although  standard  off-the-shelf  items  were  used  for  the  system  auxiliaries 
wherever  possible,  such  was  not  so  with  the  humidifier.  Commerical  humidifiers 
would  have  required  extensive  modifications  and  conventional  laboratory  humidi¬ 
fiers  would  not  have  contributed  the  type  of  information  important  to  the 
ultimate  prototype  system  development.  Therefore,  a  humidifier  was  designed 
with  the  capability  of  providing  information  essential  to  later  phases  of  the 
generator  development. 

The  humidifier  was  made  to  operate  according  to  wicking  principles.  The 
humidifier  capacity  could  easily  be  increased  or  decreased  by  adding  or  sub¬ 
tracting  segments  to  the  basic  unit.  Each  segment  consisted  of  two  20  mil 
thick  Dacron  felt  wicks  between  which  was  sandwiched  a  3  mil  thick  sheet  of 
aluminum  foil.  The  foil  transfers  heat  from  the  humidifier  heaters.  An 
internal  heater  consisting  of  a  50  watt  wire  wound  resistor  and  an  external 
heating  tape  provide  the  heat  to  overcome  the  cooling  associated  with  the 
evaporation  of  water.  The  frame  and  the  humidifier  end-plates  were  fabricated 
from  Plexiglas.  A  sketch  of  the  unit  is  shown  in  Figure  12. 

Each  wick  obtains  its  water  from  a  water  absorbent  paper  pulp  material.  The 
absorbent  material  is  supplied,  in  turn,  through  a  transport  wick  from  a 
water  supply  container.  The  transport  wick  is  a  folded  strip  of  50  mil 
thick  Dacron  felt.  The  choice  of  water  wicking  and  water  absorbent  materials 
was  based  upon  a  material  evaluation  program  sponsored  by  the  Air  Force  under 
Contract  AF  33(6l6) -8159- 

Air  is  humidified  by  passing  it  over  the  wick  surfaces.  Each  frame  has  an 
inlet  and  exit  port.  When  the  humidifier  cells  are  assembled  as  a  unit, 
these  ports  form  the  air  manifold  passages.  Uniform  air  distribution  between 
the  various  air  compartments  results  from  making  the  pressure  drop  through  the 
individual  ducts  leading  to  the  air  compartment  100  times  the  pressure  drop 
of  the  air  passing  through  the  manifold.  Calculations  used  to  design  the 
humidifier  ports  and  ducts  are  presented  in  Section  VIII. 

In  order  to  operate  the  humidifier  for  long  time  periods  during  unattended 
operation,  a  water  reservoir  is  employed.  As  water  Is  used  by  the  humidifier, 
more  is  transported  to  it  from  the  water  supply  container,  see  Figure  13.  The 
water  removed  from  the  supply  container  was  replaced,  in  turn,  from  the  large 
reservoir.  The  capacity  of  the  system  is  sufficient  to  permit  over  60  hours 
of  continuous  test  rig  operation  under  the  generator  design  conditions. 

Between  the  humidifier  and  the  generator  was  located  a  moisture  trap  to 
prevent  any  entrained  water  from  being  carried  over  from  the  humidifier  to  the 
generator.  This  moisture  trap  is  discussed  in  more  detail  on  page  33. 

B.  Air  and  Oxygen  Exhaust  Subsystems 

The  air  and  oxygen  subsystems  are  illustrated  in  the  lower  portion  of  Figure 
11.  Each  of  the  exhaust  lines  contains  a  water  cooled  condenser  to  remove 
water  vapor  contained  in  the  gas  stream.  The  temperature  of  the  oxygen  is 
maintained  at  70°F  -  5°.  Entrainment  moisture  traps  were  located  at  the  air 
and  oxygen  exhaust  ports  to  prevent  any  liquid  carry  over  from  damaging  other 
components  in  the  system. 
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C.  Temperature  Control  Subsystem 

Normally  an  air  blower  would  be  used  to  supply  air  to  meet  the  cooling  require¬ 
ments;  however  cooling  air  from  a  laboratory  air  line  was  used  during  the 
testing,  A  solenoid  valve,  connected  in  parallel  with  a  hand  throttling 
valve  controls  the  cooling  air  flow.  The  solenoid  is  activated  by  the  tempera¬ 
ture  controller  which  senses  the  cell  temperature  by  means  of  a  thermocouple 
located  on  a  bi -polar  plate  fin. 

The  cooling  air  divides  into  two  flow  paths,  one-half  of  the  air  passing  over 
one  set  of  fins  and  the  other  half  over  the  fins  on  the  opposite  side.  The 
air  is  passed  through  a  channel  that  opens  into  the  cooling  fin  passageways, 

(see  Figure  8).  At  the  exit  is  located  a  plastic  strip  with  a  series  of 
orifices  which  line  up  with  the  center  of  each  fin  passage.  The  pressure  drop 
across  the  orifice  is  roughly  100  times  the  pressure  drop  along  the  fin 
passageway,  with  the  result  that  the  air  is  distributed  uniformly  through  each 
of  the  fin  channels.  Calculations  used  to  design  the  coolant  passage  dimensions 
j  are  presented  in  Section  VIII. 

D.  Power  Supply  Subsystem 

A  commercial  power  supply  capable  of  delivering  0  to  36  volts  DC  output  at 
0  to  15  amps  was  used  as  a  substitute  for  the  standard  28  volt  DC  aircraft 
power  supply.  The  model  provided  with  the  unit  has  a  capability  of  being 
either  a  constant  current  or  a  constant  voltage  source. 

Test  Rig  Instrumentation 

Since  the  delivered  piece  of  hardware  was  to  be  a  laboratory  model,  it  was 
essential  that  adequate  instrumentation  be  supplied  to  measure  and  control 
various  operating  parameters.  In  designing  the  instrumentation,  the  controls 
were  made  as  simple  and  reliable  as  possible. 


The  instrumentation  can  be  grouped  under  the  following  headings:  Gas  Flow 
and  Pressure  Control,  Electrical  Measurements,  Temperature  Monitoring,  and 
Humidification  Control. 

A.  Gas  Flow  and  Pressure  Control 

Figure  Ik  is  a  photograph  of  that  part  of  the  test  rig  upon  which  the  flow 
control  valves,  flow  meters,  and  manometers  are  mounted.  It  also  shows 
positioning  of  the  humidifier  moisture,  traps,  and  generator. 

A  pltig  valve  in  parallel  with  a  micrometer  handle  needle  valve  was  used  to 
h  accurately  control  the  flowrates  with  minimal  pressure  drops.  The  plug  valve 

|  provides  coarse  flow  control  and  the  needle  valve  provides  fine  control. 

I  Through  this  valve  combination  It  was  possible  to  accurately  control  the 
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FIGURE  14 

FLOW  AND  PRESSURE  CONTROL  PANEL 


pressure  in  the  air  and  oxygen  gas  compartments  and  the  pressure  differential 
between  them.  The  pressure  is  measured  with  manometers  filled  with  mercury 
or  manometer  fluid,  depending  upon  the  pressure  range  employed  in  the  tests 
under  way  at  the  time.  Conventional  flow  meters  are  used,  to  monitor  the 
flowrates. 

B.  Electrical  Measurements 

As  shown  in  Figure  1%  the  test  rig  has  instruments  to  measure  current,  time 
and  voltage.  An  accurate  ammeter  covering  the  range  0  to  15  amps  indicates 
the  current  load,  hence  the  instantaneous  oxygen  output.  An  amp-hour  meter 
is  wired  so  as  to  he  turned  on  whenever  the  generator  power  supply  is  operating. 

The  continuous  record  of  the  amp -hours  gives  an  exact  indication  of  the  total 
accumulation  of  oxygen  generated  by  the  unit,  since  it  was  first  turned  on. 

Two  timers  are  provided.  One  timer,  wired  in  series  with  the  amp-hour  meter 
and  the  power  supply,  keeps  track  of  the  total  operating  time  on  the  generator. 

By  dividing  the  total  amp  hours  by  the  total  time  one  obtains  the  average 
current  (oxygen  output)  flowing  through  the  generator.  The  second  timer  with 
a  reset  is  used  to  time  individual  experiments. 

A  multi -range  voltmeter  with  a  selector  switch  enables  the  operator  to  monitor 
the  voltage  across  the  concentrator,  groups  of  concentrator  cells,  and  the  2 6 
individual  cells.  The  selector  switch  is  wired  so  that  the  voltmeter  range 
is  automatically  changed  when,  switching  from  individual  cell  readings  to  group 
cell  readings.  This  protects  the  voltmeter  against  accidental  damage  due  to 
overloading. 

C.  Humidification -Temperature  Control  and  Monitoring 

A  photograph  of  the  heat  and  humidity  control  instruments  is  shown  in  Figure  l6. 
Instrumentation  is  capable  of  recording  the  dew  points  of  the  air  feed,  air 
exhaust,  and  oxygen,  and  of  monitoring  the  exit  air  temperature.  It  also 
controls  the  dew  point  and,  temperature  of  the  air  feed.  Other  instrumentation 
on  the  panel  includes  the  generator  temperature  controller  (T2)  and  a  temper¬ 
ature  limit  switch  (Tl)  that  shuts  down  the  test  system  in  the  event  that  the 
generator  over  heats.  Both  Tl  and  T2  receive  signals  from  thermocouples 
located  on  a  cooling  fin. 

Two  temperature  monitoring  circuits  are  provided  on  the  panel  shown  in  Figure 
15.  One  circuit  monitors  l6  iron-constantan  thermocouples  located  within  the 
system.  A  second  circuit,  equipped  to  handle  20  thermocouples  is  included 
for  a  future  thermal  analysis  of  the  generator  heat  transfer  mechanism.  The 
temperatures  can  be  read  from  the  panel  mounted  pyrometer  although  extensions 
are  also  supplied  for  connection  to  a  multi -point  temperature  recorder. 

A  schematic  diagram  of  the  humidification -thermal  control  and  monitoring  system 
is  given  in  Figure  17.  It  was  designed  so  that  the  temperature  and  humidity 
of  the  air  feed  would  meet  conditions  required  by  the  generator  electrolyte 
during  start-up  and  at  the  desired  operating  conditions.  A  temperature  transmitter 
(T 6)  senses  the  generator  air  exhaust  temperature.  This  temperature  reflects 
the  generator  operating  temperature.  A  pressure  signal  proportional  to  the  sensed 

lumbers  in  parenthesis  refer  to  the  number  used  on  the  control  panel  shown 
in  Figure  16 
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TI  -  Temperature  Limit  Switch 

T2  -  Generator  Temperature  Controller 

T3  -  Pre-Heat  Indicator  and  Controller 

Tb  -  Air  Supply  Temperature  Controller  &  Recorder 

T5  -  Air  Supply  Pew  Point  Controller  &  Recorder 

To  -  Temperature  Transmitter 

BZ  -  Air  Exhaust  and  Oxygen  Dew  Point  Recorder 
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temperature  is  then  transmitted  to  the  air  supply  dew  point  controller  and 
recorder  (T2)  and  to  the  air  supply  temperature  controller  and  recorder  (T4) 
which  are  adjusted  so  that  the  air  pressure  signal  received  causes  their 
pneumatic  control  mechanisms  to  actuate  the  humidifier  heater  and  the  air 
feed  heater,  respectively.  The  relationship  between  the  pressure  signal 
resulting  from  the  air  exhaust  temperature  and  the  desired  dew  point  and 
temperature  of  the  air  feed  can  he  preset  to  match  the  required  conditions 
shown  in  the  temperature  versus  KOH  vapor  pressure  plot,  (Figure  4) . 

During  initial  designing  of  the  control  system  it  was  felt  that  one  might  want 
to  preheat  the  air  feed  prior  to  its  entering  the  humidifier  so  as  to  decrease 
the  power  required  by  the  humidifier  heaters.  In  the  event  such  a  process 
was  used,  it  would  be  necessary  to  have  both  a  preheater  and  a  reheater 
temperature  controller;  however  the  wicking  humidification  system  was  found 
to  perform  adequately  without  preheating  the  air  feed  and  the  control  pre¬ 
heat  controller  (T3)  was  not  used.  It  is  therefore  represented  in  Figure  17 
in  a  dotted  form  to  indicate  it  was  included  but  not  necessary. 

A  moisture  trap  located  in  each  of  the  gas  lines  immediately  adjacent  to  the 
concentrator,  see  Figure  11,  in  addition  to  serving  as  a  trap  for  possible 
condensation  in  gas  lines,  also  contains  a  dew  point  probe  and  thermocouple 
connected  to  the  temperature  readout  thermometer.  Location  of  the  traps  in 
the  system  can  be  seen  in  Figure  14.  A  detailed  sketch  of  the  air  supply  trap 
is  shown  in  Figure  18.  The  dew  point  probes  can  be  damaged  by  contact  with  a 
liquid  (water  or  KOH  solution),  and  the  baffling  arrangement  built  into  the 
traps  for  catching  condensate  serves  to  protect  the  probes  from  this  hazard. 
Drain  ports  were  provided  to  remove  liquid  carryover.  The  sensor  for  the 
temperature  controller  (t4)  is  also  located  inside  the  air  supply  trap.  The 
signal  from  the  sensor  activates  the  controller  which  powers  a  heating  tape 
wrapped  around  the  traps  and  a  4-foot  length  of  copper  tubing  through  which 
the  generator  supply  air  passes  prior  to  entering  the  air  inlet  trap.  This 
tape  warms  the  gas  to  the  generator  operating  temperature. 
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FIGURE  18 
AIR  SUPPLY  TRAP 


SECTION  IV.  EXPffilMENTAL  RESULTS 
Two  and  Four-Cell  Units 

Prior  to  fabrication  of  a  26-cell  generator,  2-  and  4-cell  units  were  built 
and  tested.  The  2-cell  unit  was  operated  long  enough  to  demonstrate  that  the 
manifolding  system  was  adequate  and  that  the  generator  was  performing  as 
designed.  No  unexpected  complications  in  the  concept  or  initial  design  were 
encountered  in  scaling  up  prior  technology  on  the  smaller  single  cells  to  a 
2-cell  unit  having  40$  larger  electrodes. 

Operation  of  the  4-cell  unit  further  verified  the  design  concept  and  demon¬ 
strated  that  the  control  system  functioned  properly.  Initially  it  was  anti¬ 
cipated  that  operating  time  on  the  4-cell  unit  would  be  limited  to  24  hours. 
However,  the  generator  performance  was  better  than  designed  with  a  voltage  of 
3.2  volts  at  11.7  amps  being  typical  rather  than  the  expected  4.0  volts 
(1.0  volt/cell)  at  the  11. 7  current  level. 

As  a  result  of  the  improved  performance  it  was  decided  to  continue  the  testing. 
After  203  hours  the  solenoid  valve  controlling  the  cooling  air  failed  to  open. 
As  a  result,  no  cooling  air  passed  over  the  fins.  Within  3  hours  the  generator 
temperature  reached  120°F,  and  the  high  temperature  limit  switch  shut  off  the 
generator  and  appropriate  test  rig  power. 

Rather  than  continue  with  the'  test  it  was  decided  that  the  shut  down  would 
present  an  opportunity  to  examine  the  interior  of  the  generator  in  order  to 
evaluate  the  effectiveness  of  the  nickel  plating.  Upon  disassembling  the 
4-cell  unit,  some  corrosion  was  observed  on  the  plates.  This  was  explained 
by  the  fact  that  the  plates  had  been  vapor  blasted  with  a  mixture  of  water 
and  alumina  after  they  were  nickel  plated.  This  cleaning  process  had  abraded 
away  machining  burrs,  thus  exposing  bare  magnesium  to  the  KDH  electrolyte. 

As  a  result  of  this  information,  careful  deburring  of  the  bi  -polar  plates 
for  the  26-cell  unit  was  accomplished  prior  to  the  plating  operation.  In 
addition  it  was  decided  that  a  thin,  0.02  mil,  coat  of  gold  should  be  put 
on  top  of  the  nickel  plate  to  afford  further  corrosion  protection.  The  4-cell 
generator  was  then  reassembled  and  the  test  continued.  The  test  was  finally 
stopped  after  a  total  time  of  365  hours  in  order  that  adjustments  could  be 
made  in  the  test  rig  in  preparation  for  testing  the  26-cell  unit. 

During  operation  of  the  4-cell  unit  its  performance  was  checked  as  a  function 
of  inlet  air  flowrate  and  inlet  air  pressure.  As  indicated  from  the  data 
presented  in  Figure  19(a)  the  performance  was  almost  Identical  at  air  flow 
rates  of  3  and  5  times  theoretical,  but  a  decided  increase  in  voltage  was 
needed  at  a  flow  rate  of  2  times  theoretical.  After  225  hours  of  total  opera¬ 
tion^  a  6.3  hour  experimental  run  was  made  with  an  inlet  air  pressure  of  8  psia. 
From  the  results  presented  in  Figure  19(b)  the  performance  curve  taken  at 
8.0  psia,  after  3  hours  operation  at  this  pressure,  is  very  similar  to  the 
generator  performance  observed  after  the  air  inlet  pressure  was  returned  to 
atmospheric  pressure. 
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FIGURE  19  FOUR -CELL  GENERATOR  PERFORMANCE 


TVenty-Six  Cell  Generator 

Testing  of  the  Q.2  lh/hr  system  was  that  necessary  to  verify  that  all  oxygen 
production  rate  regulating  equipment,  including  the  thermal  and  humidity 
controls,  were  operating  properly.  Measurements  were  made  that  showed  no 
contaminants  were  present  in  the  oxygen  output.  Cell  performance  sensitivity 
to  ambient  pressure  and  to  pressure  differentials  across  the  electrolyte  filled 
matrix  were  studied.  The  system  was  then  operated  over  a  period  of  weeks  which 
verified  its  conformance  to  the  design  objectives. 

During  the  time  that  the  26-cell  model  was  operated  at  TRW  a  semi -continuous 
record  was  made  of  gas  temperatures  at  various  locations  in  the  test  rig  and 
of  the  concentrator  temperature  itself.  The  total  voltage  and  the  voltage 
of  the  26  individual  cells  were  also  recorded.  This  data  provides  a  permanent 
record  of  generator  performance  and  conditions.  Shown  in  Figure  20  is  a 
photograph  of  the  26-cell  laboratory  model  in  operation.  Also  shown  in  the 
photograph  are  the  multipoint  recorder  and  the  dual  channel  voltage  recorder 
used  to  record  the  data  taken  on  the  program.  One  channel  of  the  voltage 
recorder  continuously  monitored  the  terminal  or  total  voltage.  The  second 
channel  recorded  individual  cell  voltages  from  a  signal  provided  by  the  cell 
voltage  sampler. 

During  operation  of  the  generator  at  TRW  it  was  demonstrated  that  the  effect 
of  variations  in  operating  parameters  depended  upon  the  "condition”  of  the 
generator.  If  the  unit  was  operated  for  a  period  of  time  in  an  out-of -balance 
moisture  condition  the  performance  was  more  sensitive  to  flowrate,  air  inlet 
pressures,  effects  of  temperature,  etc.  An  out -of -balance  condition  refers 
to  operation  where  the  water  vapor  pressure  of  the  inlet  air  doesnft  match 
the  electrolyte  vapor  pressure  at  the  generator  operating  temperature.  Even 
when  the  unit  was  in  moisture  balance,  the  effects  of  variations  in  an 
operating  parameter  was  not  always  consistent.  This  is  not  unexpected  when 
one  considers  that  the  observed  response  of  the  generator  changes  in  the 
operating  conditions  is  actually  the  sum  of  changes  in  26  separate  cells.. 

Each  of  the  26  cells  has,  within  limits,  its  own  response  to  a  change  in 
operating  conditions.  This  results  because  individual  electrodes  var^  slightly 
in  activity.  Also  each  cell  has  a  slightly  different  environment  resulting  from 
its  position  in  the  series  stack,  may  see  slightly  different  air  flows  due  to 
small  variations  that  occur  during  fabrication  of  the  ducts,  etc. 

Although  every  attempt  was  made  to  duplicate  the  individual  cells,  it  was 
impossible  to  ensure  that  all  electrodes  were  exactly  identical  or  that  the 
cells  at  each  end  of  the  stack  would  experience  the  same  thermal  environment 
as  the  cells  located  in  the  middle.  When  the  flowrate  was  decreased  to  less 
than  three  times  the  theoretical  flowrate,  for  example,  the  voltage  across 
the  concentrator  increased.  Not  all  26  cells  in  the  generator,  however, 
required  the  same  increase  in  voltage.  Such  variations,  therefore,  lead  to  a 
different  generator  "condition"  depending  upon  the  prior  operating  history 
and  the  manner  in  which  the  parameter  was  varied.  The  more  rapid  the  variation, 
for  example,  the  less  chance  the  cells  have  to  reach  a  steady  state  condition. 

In  the  sections  to  follow  the  general  effects  are  described.  The  effects,  however 
require  a  backlog  of  operating  data  to  enable  strict  interpretation.  Inter¬ 
pretation  of  the  change  in  the  26-cell  generator  voltage  as  a  function  of 
change  in  operating  parameters  on  an  absolute  basis  is  extremely  complex. 
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Demonstrated  Operating  Life 

Three  -hundred  forty  five  hours  were  accumulated  on  the  26-cell  model  and 
control  system  while  operated  at  TRW.  Four  of  these  26-cells  were  operated 
for  over  700  hours.  During  the  course  of  the  experimental  program  the 
performance  of  the  generator  went  through  several  cycles  vhere  it  appeared  as 
if  the  performance  was  degradating.  In  all  cases  it  was  shown  that  the 
gradual  increase  in  voltage  required  could  he  attributed  to  an  imbalance  in 
the  cell  moisture  since  the  unit  recovered  when  balance  was  restored.  At 
the  time  of  shut  down  the  generator  was  delivering  11.7  amps  (0.2  lb  Op/hr) 
at  25  volts.  2 

Effect  of  Flowrate 


The  performance  of  the  26-cell  model,  as  was  the  case  with  the  4-cell  unit, 
is  relatively  independent  of  flowrates  over  3  times  the  theoretical.  Below 
this  level  a  decided  dependency  exists.  The  effect  of  the  flowrate  was  less 
significant  at  low  current  densities.  As  the  current  level  increased  the  effect 
of  flowrate  increased.  The  data  presented  in  Figure  21  illustrates  the  effect 
of  flowrate  on  generator  performance. 

Effect  of  Inlet  Pressures 


At  various  times  the  generator  was  operated  with  low  inlet  pressures,  with 
the  cutlet  pressures  being  less  than  1  psia  lower  than  the  inlet.  At  an  inlet 
air  pressure  of  10.6  psia  the  generator  voltage  for  the  11. 7  amp  load  varied 
with  mass  flowrate  as  shown  in  Figure  22. 

Following  operation  at  10.6  psia  the  inlet  pressure  was  further  decreased  to 
6.5  psia.  At  the  same  current,  11.7  ainps,  and  an  air  flowrate  of  3  times  the¬ 
oretical  the  observed  voltage  was  26.1  volts,  which  after  1.2  hours  had 
decreased  to  24.8  volts.  After  returning  to  atmospheric  conditions  the  observed 
voltage,  while  maintaining  a  3  times  theoretical  flow  and  a  current  of  11.7 
amps,  was  23  volts.  With  time,  this  increased  to  25  volts.  The  reason  for 
the  improved  performance  of  the  unit  immediately  after  operation  at  less  than 
atmospheric  pressure  is  found  by  examining  the  individual  cell  voltage  data. 
During  operation  at  less  then  atmospheric  pressure,  several  cells  that  initially 
had  higher  than  average  voltages  "recovered”  or  decreased  in  voltage.  This 
would  indicate  that  their  higher  voltage  levels  resulted  from  an  effect  asso¬ 
ciated  with- operation  at  less  than  atmospheric  pressure. 


Effect  of  Operating  Temperature 

Extensive  testing  was  not  made  on  the  effects  of  temperature  on  performance. 
The  prime  objective  was  delivery  of  a  working  laboratory  model  and  a  degree 
of  caution  was  observed  in  attempting  to  experiment  outside  the  realms  of  the 
design.  As  an  indication  of  the  effect  of  temperature,  however,  one  can  cite 
the  improvement  noted  in  performance  when  the  temperature  was  increased. 
Typical  would  be  the  1.0  volt  or  so  decrease  in  voltage  when  the  generator 
goes  from  room  temperature  to  operating  temperature.  It  should  also  be  noted 
that  the  downward  trend  in  voltage  due  to  temperature  rise  on  start-up  is 
counter  balanced  by  a  natural  increase  in  voltage  due  to  the  time  dependent 
polarization  phenomena.  * 
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As  a  further  example  of  the  effect  of  temperature,  a  case  in  which  the 
generator  was  operated  with  the  cooling  air  inadvertently  left  off  can  he 
cited*  Upon  restarting  the  generator  after  a  shutdown  at  320  hours,  it 
reached  an  improved  performance  of  15*0  amps  and  19  volts  before  it  was  realized 
that  the  cooling  air  was  not  on.  The  generator  temperature  was  found  to  be 
125°F*  After  cooling  the  generator  back  to  95°F  the  voltage  had  increased 
to  23*5  volts  with  the  same  15*0  amp  input.  At  125°F  the  average  voltage  per 
cell  was  0.73  compared  to  the  0.92  volts  at  95°F*  Since  the  laboratory 
generator  and  associated  equipment  were  not  designed  for  operation  at  more 
elevated  temperatures,  operation  was  continued  at  the  lower  temperature. 

Although  no  limitations  are  envisioned  to  generator  operation  at  higher 
temperatures,  the  need  to  deliver  a  working  model  cautioned  against  testing  at 
more  such  conditions  in  spite  of  the  attractive  performance  that  may  have  resulted. 

Oxygen  Output 

Several  times  during  the  test  program  the  generator  was  operated  at  current 
levels  far  in  excess  of  the  design  point.  In  Figure  23  are  plotted  such 
performances  for  the  4-  and  26-cell  units.  The  maximum  oxygen  output  was 
about  0.6  lb /hr  for  the  26 -cell  unit  and  about  0.1  Ib/hr  for  the  4-cell 
unit . 

Oxygen  Purity 

Since  the  gas  generating  principle  is  electrochemical  in  nature  and  hydroxyl 
lens  ore  the  only  anions  in  the  matrix,  oxygen  is  the  only  gas  that  can  be 
evolved  from  the  anode  electrodes.  This  reaction  is  the  basis  of  the  commercial 
preparation  of  oxygen  using  an  electrolysis  cell. 

Three  separate  techniques  were  used  to  evaluate  the  purity  of  the  oxygen: 

coulcmetric  balances  which  relate  the  current  passed  per  unit  time  with 
the  volume  of  oxygen  generated;  (2)  use  of  a  direct  reading  Beckman  Model  D-2 
oxygen  analyzer;  and  (3)  a  conventional  gas  chromatograph.  In  all  cases  the 
purity  of  the  oxygen  was  found  to  be  between  99.5  and  100  per  cent  after 
the  sample  was  corrected  for  the  water  vapor  contained  in  it. 

The  coulcmetric  method  is  based  upon  Faraday Ts  Laws  of  Electrolysis  and  is  an 
accepted  standard  for  determining  the  purity  of  gases  generated  electro- 
chemically.  With  this  technique  the  oxygen  generated  is  collected  for  a 
known  period  of  time  at  a  constant  current  level.  The  volume  of  gas  collected 
e reeled ,  to  within  C.  3  per  cent  the  volume  of  oxygen  calculated  from  the 
measured  coulombs  (amp-seconds) . 


Periodically  during  the  testing  the  oxygen  was  analyzed  with  a  Beckman  D-2 
oxygen  analyzer  calibrated  each  time  with  dry  atmospheric  air.  The  purity 
level  was  always  found  to  be  one  hundred  per  cent. 
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Several  oxygen  samples  were  taken  for  gas  chromatographic  analysis*  The  oxygen 
purity  was  generally  found  to  be  higher  than  commercial  oxygen  having  a  purity 
minimum  of  99*64*  One  such  analyses  showed  that  the  oxygen  contained  9*74 
nitrogen.  Upon  rechecking  the  stability  of  the  oxygen  generator  to  pressure 
differentials  it  was  observed  that  a  leak  had  developed  between  the  oxygen 
and  air  cocipartraents .  Reloading  the  generator  with  electrolyte  eliminated 
the  leak.  No  other  contaminants  were  ever  found  in  the  gas.  The  presence 
of  any  nitrogen  in  the  oxygen  output  stream  would  indicate  that  some  of  the 
air  has  direct  access  to  the  oxygen. 

Stability  to  Pressure  Differentials 

An  important  feature  of  the  design  is  that  the  electrolyte  filled  matrix 
prevents  nixing  of  the  gases  in  the  separate  compartments.  Pressure  tests 
on  single  cells  show  they  could  withstand  differentials  between  gas  com¬ 
partments  of  greater  than  10  psig.  Initially  the  2-  and  4-cell  units  withstood 
6  psi  differentials,  but  with  time  the  upper  limit  decreased  to  3  psi  due  to 
a  relaxing  of  the  bolts  following  initial  operation  and  (2)  evaporation  of 
water  from  the  electrolyte  which  decreases  its  volume  and  decreases  pressure 
differential  stability. 

Ihe  pressure  differential  that  could  be  tolerated  between  the  inside  and 
outside  of  the  26  cell  unit  exceeded  15  psi,  although  the  interior  pressure 
differentials  between  gas  compartments  never  exceeded  3  psi.  Later  this 
value  decreased  to  under  1  psi  due  to  the  same  causes  as  in  the  smaller  units. 
Tue  lower  pressure  differentials  for  the  2,  4,  and  26-cell  units  resulted, 
in  parr,  from  the  use  of  the  15  mil  gasket  instead  of  the  10  mil  that  the  design 
called  for.  This  meant  that  the  porous  matrix  was  not  compressed  to  its 
design  thickness.  The  observed  pressure  differentials  were  still  above  those 
required  by  the  design  criteria. 
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SECTION  V,  DESIGN  ANALYSIS  AND  RECOMMENDATIONS 


Turing  the  tine  that  the  concentrating  system  was  being  fabricated  and  tested, 
consideration  was  given  to  various  modifications  in  the  design  to  further 
optimize  and  simplify  its  construction  and  operation.  Some  were  incorporated 
into  the  program  and  others  are  recommended  for  the  future. 

Design  Criteria  Evaluation 

The  design  of  the  deliverable  laboratoiy  model  of  the  oxygen  concentrator  was 
guided  by  several  design  criteria.  During  the  program  the  generator  was 
demonstrated  to  be  capable  of  meeting  most  of  these  guideline  objectives. 
Conformance  to  the  remaining  criteria  could  only  be  demonstrated  analytically. 

A.  The  multicell  system  was  shown  to  be  capable  of  operation  at  full 
capacity  using  a  2 6  volt  DC  constant  current  supply.  An  analysis  of  power 
conditioning  required  to  convert  a  28  volt  DC  aircraft  power  source  into  a 
constant  current  indicated  that  2  volts  would  he  required  leaving  26  volts 
to  power  the  concentrator.  As  a  result  of  the  laws  of  electrochemistry, 
operation  of  the  concentrator  with  a  constant  current  of  11.7  amps  will  pro¬ 
vide  a  continuous  oxygen  output  of  0.2  lb/hr . 

3.  The  concentrator  output  was  pure  oxygen,  at  70-  5  F  .  with  a  purity 
greater  than  99-5^  after  water  vapor  removal.  No  contaminants  such  as  carbon 
monoxide,  carbon  dioxide,  hydrogen,  nitrogen  or  hydrocarbons  were  found. 
Eleecrcchemically  such  contaminants  cannot  be  formed  in  the  oxygen  compartments 
of  the  concentrator.  In  the  event  that  the  pressure  differential  between  the 
air  and  the  oxygen  compartment  exceeds  the  limit  of  the  operating  concentrator 
it  is  possible  to  force  air  into  the  oxygen  compartment  or  vice  versa.  Such, 
however,  is  outside  the  normal  mode  of  operation. 

C.  The  system  was  able  to  furnish  the  oxygen  at  0.2  psia  (0.4  in  Hg) 
above  inlet  pressures  ranging  from  6.5  to  15-5  psia.  By  increasing  compression 
of  the  electrolyte  matrix,  it  should  be  possible  to  tolerate  a  6  psi  pressure 
differential. 

Z.  A  control  system  was  designed  and  incorporated  as  part  of  the  delivered 
mult ice 11  concentrator.  The  control  system  was  able  to  maintain  a  steady 
oxygen  output  rate  at  any  selected  production  rate  from  zero  to  over  the  full 
capacity  of  Z. 2  lb /hr.  The  system  controlled  the  current,  the  air  flow,  the 
operating  temperature,  and  the  humidity  balance. 

E.  The  unit  was  demonstrated  to  be  able  to  attain  full  capcity  operation 
within  seconds  subsequent  to  nonoperation  for  periods  up  to  12  days.  The 
generator  reached  operating  temperature  within  3  minutes  after  start-up,  but 
the  humidifier  design  was  such  that  about  a  half-hour  was  required  to  raise 
it  to  operating  temperature. 

E.  The  multicell  concentrator  was  capable  of  continuous  and  intermittent 
operation  with  the  only  maintenance  required  being  the  periodic  changing  of  a 

filter  and  Z0n  absorber  on  the  inlet  air  line  and  the  addition  of  a  little  water. 
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G.  The  26-cell  array  was  operated  in  only  a  horizontal  position.  The 

2-  a ni  4-cell  units,  however,  were  operated  in  a  vertical  orientation.  It  can 
be  inferred  from  these  results  and  from  the  fact  that  no  free  flowing  or  hulk 
liquid  exists  in  the  concentrator  that  the  unit  is  capable' of  operating  in 
any  orientation. 

H.  The  concentrator  was  shown  to  withstand  more  than  a  20  psi  pressure 
differential  between  the  inside  and  outside  of  the  unit.  It  can  he  concluded, 
again  noting  that  all  the  liquid  is  retained  in  a  porous  matrix,  that  leakage 
does  not  occur  as  a  result  of  orientation. 

I.  The  delivered  26-cell  array  would  weigh  28  pounds  if  and  when  the 
hear;.’  end-plates  would  he  replaced  with  end-plates  providing  the  same  support 
but  with  a  more  open  or  porous  structure.  The  weight  of  an  optimized  model 
would  be  less  than  15  pounds . 

J •  All  equipment  and/or  surfaces  which  contacted  electrolyte  and  high 
humidity  gases  were  coated  or  constructed  of  noncorroding  materials. 

X.  The  multicell  array  was  not  subjected  to  any  "g"  loadings.  However, 
because  the  electrolyte  is  held  in  a  porous  matrix  and  the  hi -polar  plates 
have  the  strength  and  rigidity  to  retain  the  cell  components  from  structural 
damage,  the  unit  should  he  capable  of  operating  under  extensive  Ttgn  loading. 

les imn  Improvements 


luring  the  program  several  features  were  incorporated  into  the  design  that  were 
mot  part  of  existing  technology.  These  included  (a)  increasing  the  electrode 
area  from  2^  sq.  in.  to  50  sq.  in.,  (h)  fabrication  of  4  and  26-cell  arrays 
ami  the  technology  associated  with  manifolding  such  multiple  cell  assemblies, 
v  c  use  of  a  special  magnesium  alloy  having  a  high  thermal  conductivity  per 
unit  weight  that  decreased  the  hi -polar  plate  weight,  (d)  use  of  an  0-ring 
seal  instead  of  a  flat  gasket  (this  eliminated  the  leakage  problems  associated 
with  flat  gaskets),  (e)  decreasing  the  sealing  edge  border  around  the  electrodes 
ami  matrix  from  a  width  of  0.25  in*  to  0.062  in.  and  0.2  in.,  respectively, 
this  increased  the  effective  electrode  area  aid  demonstrated  where  additional 
weight  cam  he  eliminated  from  future  designs),  (f)  use  of  hollow  Teflon  baffles 
instead  if  wire  baffles  (this  decreases  weight  and  eliminates  the  corrosion 
potential  associated  with  wire  baffles),  (g)  incorporation  of  interchangeable 
ixpgen  and  air  compartments  that  allow  experimental  evaluation  of  air  electrode 
performance  with  two  types  of  manifolding  systems,  (h)  an  air  cooled  fin  as 
the  method  used  for  heat  removal,  (i)  a  new  humidifier  design  which  provided 
information  and  demonstrated  an  air  moisturizing  technique  that  is  applicable 
to  a  flight  model  concentrator,  and,  finally,  (j)  the  accumulation  of  over 
"Ml  hours  of  test  time  on  four  of  the  26  cells. 

Fabrication  of  the  hi -polar  plates  from  magnesium  instead  of  copper,  cut  machin¬ 
ing  time to  one -fourth  and  minimized  weight.  The  initial  concentrator  design 
called  for  the  use  of  141  mil  magnesium  stock  to  be  used  for  bi -polar  plate  fab¬ 
rication,  cut  only  132  mil  stock  was  available.  Use  of  this  thickness  resulted  in 
in  a  concentrator  weight  of  2  -  4  pounds  more  than  if  the  thinner  material  had 
been  used.  Machining  the  it 2  z&il  stock  down  to  the  thinner  dimension  was  not 


Problems  and  Solutions 


An  attest  to  frame  the  bi-polar  plate  with  a  10  mil  coat  of  alkaline  resistant 
epoxy  was  found  to  be  more  difficult  than  initially  assumed.  In  experimenting 
with  this  technique  it  was  found  that  the  difficulty  was  not  with  bonding  the 
epoxy  to  the  bi-polar  plate  but  controlling  the  thickness  to  10  mils.  The 
solution  to  this  problem  would  have  required  that  a  special  jig  be  designed 
to  move  and  heat  the  plate  while  the  epoxy  was  sprayed  on.  A  10  mil  rubber 
gasket  could  not  be  obtained  in  time  for  program  scheduling  and  a  15  mil 
substitute  was  used. 

Turing  the  course  of  the  experimental  program,  cell  number  7  of  the  2 6  cells 
was  found  to  very  often  require  a  voltage  that  was  about  1.5  to  2.0  times 
that  of  other  25  cells.  The  reason  for  this  was  attributed' to  partial  blockage 
of  one  or  more  of  the  air  compartment  gas  ducts.  It  would  be  suggested  that 
future  designs  use  one  larger  duct  instead  of  two  small  ducts  per  port.  A 
larger  duct  would  be  less  likely  to  become  plugged  with  solid  particles  in¬ 
advertently  appearing  in  the  concentrator. 

The  capacity  of  the  test  rig  was  designed  for  the  0.2  Ib/hr.  concen¬ 
trator.  At  the  tine  the  test  rig  was  designed  it  was  not  realized  that  the 
concentrator  night  be  operated  up  to  3  times  that  of  the  design  point.  The 
power  supply  included  with  the  test  rig  was  limited  to  only  15  amps.  Higher 
currents,  therefore,  required  paralleling  a  second  power  supply  with  the  one 
provided  with  the  test  rig.  The  cooling  capacity  of  the  concentrator  was 
designed  for  a  364  watt  load.  During  operation  of  the  concentrator  at  capacities 
in  the  range  of  0.5  Ib/hr, the  heat  load  increases  above  this  level  and  sustained 
operation  under  these  conditions  is  not  advisable.  The  control  system  suffered 
from  a  lag  in  response  time  of  the  equipment.  The  reliability  associated 
with  pneumatic  controls,  however,  warranted  its  selection  in  spite  of  this. 

I he  humidifier  response  was  increased  by  wrapping  a  heating  tape  around  the 
outside.  A  better  design  would  be  one  in  which  the  heat  source  is  in  more 
Intimate  con:act  with  the  surface  on  which  evaporation  occurs. 

Tesign  Recommendation 


Presented  in  Table  2  are  the  results  of  a  design  analysis  related  to  further 
optimizing  the  concentrator.  Compared  in  this  table  are  the  component  and 
total  weights  for  (l)  the  present  model  using  183  mil  magnesium  (2)  the  model 
actually  designed  initially  and  which  required  140  mil  magnesium  stock,  and 
'2'  ^  projected  concentrator  of  the  same  basic  design,  but  optimized  and  using 
^0  mi-  magnesium  for  the  bi-polar  plates.  In  calculating  the  generator  weights 
it  was  assumed  that  a  more  optimized  form  of  end -plate  would  be  used.  The 
total  weight  for  the  three  models  are  28,  22,  and  13  pounds,  respectively. 
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The  optimized  concentrator  design  includes  such  changes  as  (l)  decreasing 
matrix  thickness,  (2)  increasing  the  effective  electrode  area  by  cutting  the 
width  of  the  edge  sesd  around  the  electrode  in  half,  (3)  decreasing  the 
height  of  the  gas  compartments,  and  (4)  obtaining  an  O-ring  to  match  the 
needed  dimension  rather  than  design  the  bi-polar  plate  area  to  match  the 
available  O-ring  sice.  A  further  comparison  of  these  changes  between  the 
present  model  and  the  optimized  model  is  given  in  Table  3*  The  analysis  was 
made  assuming  that  the  optimized  model  would  have  the  same  general  configura¬ 
tion  and  method  of  heat  removal.  This  emphasizes  the  extent  to  which  the 
initial  model  can  be  improved  without  including  more  elaborate  design  modi¬ 
fications  which  would  make  direct  comparison  difficult. 

Performance  improvement  can  be  obtained  by  operation  at  elevated  temperatures 
to  increase  electrode  efficiencies,  i.e.,  decrease  cell  voltage.  This  will 
decrease  the  power  requirements.  Also,  combining  the  humidification  and  heat 
removal  functions  within  the  concentrator  itself  would  provide  for  a  self- 
regulated  design.  Such  a  design  would  use  evaporative  cooling  to  remove  the 
heat  generated  and  the  evaporated  water  vapor  to  humidify  the  air  feed.  This 
would  eliminate  the  more  extensive  controls  used  with  the  laboratory  model. 
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Table  3 

Comparison  of  Generator  to  be  Delivered 
With  An  Optimized  Generator 
Of  Same  Design 


Ccrpcnent 

183  Mil  Mg  Stock 

75  Mil  Mg  Stock 

Asbestos 

area  dimensions ,  in 

5.0  x  12.5 

4.75  x  12.25 

thickness,  in 

0.030 

0.015 

Electrodes 

area  dimensions,  in 

4.5  x  12.0 

4.5  x  12.0 

effective  area,  in 

4.25  x  11.75 

4.4  x  11.9 

thickness,  in 

0.005 

0.005 

51 -tolar  Plates 

.  (a) 

area  dimensions,  in 

15.0  x  6.5 

13-5  x  5.4 

pin  height,  in 

air  compartment 

O.O65 

0.030 

?0  compartment 

0.063 

0.015 

thickness,  including  pins. 

in  0.183 

0.075 

neoprene  gasket  thickness. 

in  0.015 

0.025 

-cell  Generator 

linens ions,  in.  £ 

15.0  x  6.5  x  6.4 

13.5  x  5-4  x  3-6 

volume,  ft-  fa) 

O.36 

0.15 

veignt,  lo 

28 

13 

Ices  not  include  the  12.0  x  0.5  inch  cooling  fin  extending  out  along 
tvo  long  sides  of  the  generator. 


VI.  SUJMARY 


An  e le c tro cheni c al  oxygen  concentrator  for  separating  pure  oxygen  from  air 
has  teen  designed,  fabricated,  and  tested.  The  concentrator  consisted  of 
2-6  cells.  Each  cell  was  composed  of  two  porous  electrodes  separated  by  an 
electro lyte  solution  held  in  a  porous  matrix.  Individual  cells  were  separated 
with  bi -polar  plates. 

luring  the  experimental  program  the  effects  of  air  flowrates,  air  inlet 
pressures,  and  temperature  were  measured.  A  total  of  3^0  hours  were  accumu¬ 
lated  on  the  26-cell  model  with  an  additional  365  hours  of  testing  time 
completed  on  h  of  the  26  cells  prior  to  their  being  tested  as  part  of  the 
C. 2  2b  hr  capacity  unit. 

Considerable  reduction  in  concentrator  weight,  volume,  and  power  required  was 
projected  for  more  optimized  designs.  Control  simplification  was  also  a 
part  of  the  design  recommendation. 


VTI 
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AFFSXDIX:  DESIGN  CALCULATIONS 


The  purpose  of  these  appendices  is  to  facilitate  the  understanding  and  testing 
of  the  oxygen  generator.  It  includes: 

(l)  A  description  of  the  thermal  analyses  used  to  estimate 

generator  temperatures  and  generator  cooling  air  requirements. 

{2^  A  description  of  the  calculations  made  in  designing  the 
gas  manifolds  and  ducts  as  required  in  the  generator  and 
humidifier. 


Symbols 


£ 


L  y 

CP 


5 


Active  electrode  area 
Orifice  coefficient 

Specific  heat  of  air  at  constant  pressure 

Hydraulic  diameter  of  air  passage  between  fins 

Voltage  applied  across  each  cell 

Generator  air  supply  flowrate 

Dimensional  consistency  factor 

Convective  heat  transfer  coefficient 

Current  flowing  through  each  cell 

Contraction  factor 

Expansion  factor 

Thermal  conductivity 

Length  between  duct  passages 

Equivalent  length 

Fin  factor 

Lumber 

ZTusselt  number 
Pressure 
Pressure  drop 
Hydraulic  power 
Prandtl  number 
Heat  flax  per  cell 

Thermal  energy  flax  per  unit  volume 
Peynolds  number 


gyabols 

T 

A  t 

XT 

V 


X 


€ 

X 

a 

D 


Theoretical  multiple 
Temperature  difference 

Bulk  velocity  of  air;  linear  velocity  of  air 

>5ass  flow  rate  of  air  per  cooling  passage;  oxygen  output  from 
generator 

Width,  dimension  perpendicular  to  long  edge  of  ctell 

Length,  dimension  parallel  to  long  edge  of  cell 

Thickness,  dimension  perpendicular  to  plane  of  cell 

Equivalent  height  of  surface  roughness 

Friction  factor 

Absolute  viscosity  of  air 

Tensity  of  air 


Subscripts 


c 


t 


x 


5  ^  7 


Air 

Bi -polar  plate  body  in  active  region 
Active  cell 

Air  passage  or  duct  between  two  adjacent  fins 

Hydraulic  diameter 

Electrode 

Bi -polar  plate  fin 
Field 

Bi-po]nr  plate  body  in  gasket  region 
Electrolyte -filled  matrix 
Bi -polar  plate  pin 
Electrode-matrix-electrode  sandwich 
In  x  direction 
In  y  direction 

Opposite  sides  of  bi-polar  plate;  individual  pressure  drops 


Suserscrists 


Average  along  length 


A)  THERMAL  ANALYSIS  OF  OXKBN  GENERATOR 
Analytical  Methods  and  Assumptions 

Local  temperatures  and  coolant  requirements  for  the  oxygen  generator  have  been 
determined  by  ruing  standard  heat  transfer  and  fluid  mechanics'  analyses. 

The  oxygen  generator  consists  of  a  stack  of  rectangular  cells,  cooled  by  air 
flowing  between  fins  which  project  from  the  longer  two  sides  of  the  stack. 

Each  cell  consists  of  two  electrodes  with  an  electrolyte -filled  porous  matrix 
between  them.  Good  electrical  and  thermal  contact  are  obtained  by  clamping  the 
electrode-matrix-electrode  "sandwich"  between  two  metal  plates.  Air  and  oxygen 
flow  passages  axe  machined  into  these  plates  so  that  most  of  the  electrode  area 
is  exposed  to  the  gas  passages;  the  plates  then  contact  the  electrodes  in  a 
lattice  of  small  square  areas  or  "pins".  The  metal  plates  acre  bi -polar;  that  is, 
each  plate  contents  two  electrodes;  the  cathode  of  one  cell  and  the  anode  of 
the  adjacent  cell.  The  top  and  bottom  plates  of  the  stack  each  contact  only  one 
electrode,  and  function  as  electrical  input  terminals  to  the  stack.  Throughout 
the  stack,  adjacent  bi-polar  plates  are  electrically  isolated  from  each  other  by 
a  0.015  inch  thick  rubber  gasket  insulator;  edge  sealing  is  accomplished  by  O-ring 
gaskets.  The  bi-polar  plates  extend  outside  of  the  gasket  area  on  the  two  long 
sides  as  thin  fins;  it  is  these  fins  which  are  cooled  by  forced  convection  of 
air  in  order  to  reject  the  waste  heat  of  the  cell. 

The  chief  beat  transfer  path  in  the  generator  is  as  follows:  Electrical  energy 
is  dissipated  in  the  electrodes  and  in  the  electrolyte  -  f  11  led  matrices  between 
them.  The  resulting  thermal  energy  is  transferred  by  conduction  along  the 
electrodes  and  matrices  to  the  bi-polar  plate  contact  areas,  through  the  pins 
to  the  main  bodies  of  the  bi-polar  plates,  and  along  the  plates  past  the  gaskets 
and  into  the  projecting  fins.  Heat  is  then  rejected  to  the  cooling  air  in  a 
forced  convection  process.  Two  other  possible  modes  of  heat  rejection  are 
expected  to  be  unimportant:  (l)  Conduction  through  the  other  four  faces  of  the 
cell  stack  and  rejection  by  natural  convection  to  the  ambient  air;  and  (2) 
convection  due  to  the  air  and  oxygen  flowing  through  the  cell. 

For  the  analysis,  the  heat  transfer  process  has  been  assumed  to  be  steady  and 
essentially  one-dimensional  with  the  ends,  top,  and  bottom  of  the  stack  assumed 
to  be  perfectly  insulated.  The  thermal  conduction  in  each  cell  is  assumed  to 
be  in  a  direction  perpendicular  to  the  cooling  air  velocity  vector;  that  is, 
conduction  occurs  mainly  in  the  X  direction.  The  effects  of  the  gases  flowing 
within  the  cells  will  be  neglected  throughout  the  analysis. 


Electrical  Dissipation 


In  the  analysis  to  follow  it  is  assumed  that  a  maximum  beat  load  will  have  to  be 
removed.  Under  this  assumption  the  heat  load  becomes 


30^  amps 

v  0.2  lb  °2/hr 


1 . 2  volts , 


cell. 


or  365  watts. 
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The  minimum  beat  load  anticipated  vould  be  for  operation  with  each  cell  requiring 
0.8  volts  or  a  total  of  2^3  watte  for  all  cells.  The  average  load,  such  as  Is 
expected  during  operation  of  the  generator  with  an  air  Inlet  pressure  of  6.3 
psia,  would  be  3<A  watts,  i.e,  each  cell  requiring  1.0  volts. 

Heat  Transfer  In  Electrodes  and  Matrix 

Assusing  that  the  electrical  dissipation  is  steady  in  time  and  is  distributed 
uniformly  over  the  active  area  of  each  cell,  a  two-dimensional  thermal  conduction 
problem  in  the  electrode  -aatrlx-electrode  sandwich  can  be  formulated  and  solved 
analytically.  The  solution  will  be  a  Fourier  series  of  the  products  of  trig¬ 
onometric  and  hyperbolic  functions  and  will  be  relatively  difficult  to  evaluate. 

An  alternate  approach  is  to  set  up  an  equivalent  one -dimensional  problem,  selected 
so  as  to  set  an  upper  bound  on  the  temperature  variation  in  the  sandwich,  and 
so  give  a  conservative  answer.  This  approach  has  been  followed. 


The  active  electrode  area  on  either  side  of  a  cell  is  the  cell  area  minus  the 
total  pin  contact  area. 


A  -  xcyc  -?p  xp  yp 


The  thermal  energy  generated  per  unit  volume  of  active  sandwich  is  then 
Q 


£ 


A  (2Zg  +  Zg  ) 


The  maximum  temperature  difference  in  the  sandwich  is  then 

©£  s 


At. 


2*8 


A2. 


where  £  is  an  equivalent  one-dimensional  conduction  path  length  and  kg  is  the 
effective  thermal  conductivity  of  the  sandwich  (see  Deference  3).  A  conservative 
temperature  difference  will  be  calculated  if^8  is  chosen  as  half  the  distance 
between  the  centerlines  of  diagonally  adjacent  pins: 


For  a  square  pin 


Assuming  that  the  sandwich  is  thin  compered  to  this  length,  the  effective 
conductivity  is 


ks  “  2  *e  ze  +  *m  . 
2  ze  +  2m 
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Heat  Transfer  in  Bi-Polar  Plate  Pins 


Although  the  bi-polar  plate  pins  which  contact  the  electrodes  are  roughly  cubical, 
a  first  approximation  to  the  temperature  difference  across  them  can  be  obtained 
by  assuming  a  one  -dimensional  thermal  conduction  process.  If  the  calculated 
temperature  difference  is  significant,  a  more  exact  analysis  will  be  necessary. 
Assuming  that  the  temperature  difference  across  the  air-side  pins  is  the  same  as 
that  across  the  oxygen-side  pins;  that  is,  that  there  is  no  temperature  variation 
across  the  electrode-matrix  sandwich  in  the  z -direction  or  across  the  main  body 
of  the  bi-polar  plate  in  the  z -direction; 


Atp 


Q 

*b  ^p  xp  yp 


Epl  8p2 
*pl  +  8p2 


Since  the  pins  must  be  in  good  electrical  contact  with  the  electrodes,  it  may  be 
assumed  that  the  thermal  resistance  of  the  junctions  is  negligible,  so  that  the 
electrode  and  the  adjacent  pin  face  are  at  the  same  temperature. 


Beat  Transfer  in  Bi-Polar  Plate  Body 

Assuming  that  the  pins  are  spaced  close  enough  so  that  the  heat  flux  into  the 
body  of  the  bi-polar  plate  can  be  considered  uniformly  distributed  over  the  cell 
area, 

£b  -  — s - 

*0  »c  'b 


The  temperature  difference  in  the  plate  body  between  the  center  of  the  cell  and 
the  edge  of  the  active  area  is 


In  the  sealing  region  the  bi-polar  plate  is  relatively  thick,  but  has  bolt  holes 
and  recesses  for  the  electrode -matrix  sandwich  and  the  0-ring  machined  into  it. 

A  conservative  approximation  to  the  temperature  difference  across  this  region 
can  he  obtained  by  assuming  that  the  plate  has  a  uniform  thickness,  Zg,  equal  to 
its  minimal  actual  thickness  in  the  sealing  region,  and  using  the  one-dimensional 
conduction  equation.  For  each  side  of  the  cell. 


At 


g 


yg 


Forced  Convection  Heat  Transfer 

If  a  cooling  air  temperature  rise  across  the  generator  is  specified,  the  air 
flowrate  for  each  passage  formed  by  two  adjacent  fins  and  an  external  shroud  is 

Q 
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w  « 


2  Cp  Ata 


The  bulk  velocity  of  the  air  ie  then 


v  "  Th  *d 


The  hydraulic  diameter  of  the  fin  passage  is 

D  ,  4  a 

2(xf  +  *d)  * 

and  the  Reynolds  number  based  on  this  dlaaeter  is 

• 

For  a  constant  viscosity  fluid  in  hydraulically  fully-developed  flow  at  diameter 
Reynolds  nueibers  above  2300,  Reference  3  gives  a  seal -empirical  heat  transfer 
correlation: 


where  the  average  diameter  Nuaselt  number  is  defined  as 


In  order  to  Insure  that  the  flow  is  fully-developed  and  turbulent  through  the 
entire  fin  passage,  an  orifice  assembly  should  be  placed  across  the  passage 
entrance.  Die  above  correlation  predicts  an  infinite  heat  transfer  coefficient 
at  the  passage  entrance,  but  this  will  not  be  strongly  reflected  inside  the  cell 
because  of  thermal  conduction  in  the  y  direction  which  has  been  ignored  for  this 
analysis. 


Heat  Transfer  in  Fins 

The  difference  between  the  temperature  at  the  base  of  the  fins  (outside  edge  of 
gasket  region)  and  the  bulk  temperature  of  the  cooling  air  can  now  be  evaluated. 
For  a  thin  rectangular  fin  with  no  heat  rejected  from  the  outside  edge. 


2mkb  yf  2f  tanh  mxf  ’ 


where  a  is  a  fin  factor 


k 


defined  as 

> 


see  Reference  3 
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Cooling  Air  Pressure  Drop 


For  hydraulically  fully-developed  flov  in  the 
will  he 


fin  passage,  the  pressure  drop 


A  Pd 


X. 


yf 

TT 


b  \ 


vh ere  the  friction  factor  for  the  passage,  ^  d,  is  a  function  of  the  diaiiater 
Reynolds  number,  Re^,  and  of  the  relative  roughness  of  the  fin  passage  vails, 
c/jj.  This  function  is  presented  in  graphical  form  in  Reference  4. 


Cooling  Air  Pumping  Power 

The  hydraulic  power  necessary  to  force  the  air  through  the  inlet  fin  passages 

is 

P  ,  a?c  *  UPi+aPa)  . 

e 

The  electrical  power  required  for  a  motor-powered  hlower  will  he  this  hydraulic 
power  divided  by  the  product  of  the  hlower  efficiency  and  the  motor  efficiency. 


B)  SAMPTE  HEAT  TRANSFER  CALCULATIONS 

In  order  to  further  explain  the  analysis,  and  to  illustrate  the  use  of  units  and 
conversion  fate  tors,  a  complete  sample  calculation  of  the  thermal  analysis  for  the 
generator  follows.  Calculations  will  he  performed  in  the  same  order  as  presented 
in  the  preceding  section. 

Electrical  Dissipation  In  Each  Cell 

E  *  1.2  volts  (maximum  cell  potential  expected  to  be  required  for  11.7 

amps) 

I  =  11.7  amperes  (current  required  for  each  of  2 6  cells  to  provide 

0.2  lb  of  oxygen  per  hour) 

Q  =  (1.2)  (11.7)  *  14.04  watts 

=  (14.04)  (3.41)  =  48  Btu/hr 


Seat  Transfer  in  Electrodes  and  Matrix 

Cell  dimensions  used  in  these  calculations  are  representative  and  approximately 
the  cell  dimensions  in  the  assembled  unit.  Some  minor  modifications  of  these 
numbers  were  made  during  the  actual  cell  assembly. 

xc  =  4.25  inch 

yc  =  11.75  inch 

■  l0&> 


*p 

*c 


*e 

Si 


0.062  Inch 
0.062  Inch 

(4.25)  (11.75) 
0.002  inch 
0.026  Inch 

W 


(1060)  (0.062)2  -  45.8  In2 


0  Btu 

*  (45.8)  [(2)  (0.002)  +  0.02^  "  35,1  hr  in3 


c 

^px 

4 

*e 

St 

*s 

At. 


yc 

^py 


0.218  inch 

(0.218)  (0.707)  -  0.154  inch 
8  Btu 


0.36 


hr  ft  F 
Btu 


hr  ft  F 


(2)  (8)  (0.002)  +  (0.36)  (0.026) 
(2)  (0.002)  +  0.026 


1.37 


Btu 


hr  f  t  F 


(35.1)  (0.154)2  (12) 
(2)  (1.37) 


3.65  F 


Heat  Transfer  in  Bi-Polar  Plate  Pins 


*b  - 

■■ 

77 -  (for  magnesium  alloy) 

hr  ft  F 

*P1  - 

0.070  inch 

S?2  * 

0.063  inch 

Atp  = 

(hQ)  (12) 

(0.070)  (0.063) 

(77)  (1060)  (0.062)* 

0.070  +  0.063 

0.06l  F 


59 


Heat  Transfer  la  Bi-Polar  Plate  Body 


*b  " 

0.035  inch 

W  Btu 

(!>.25)  (11.75)  (0.035)  ■  27,5  te  ^3 

Atb" 

(27.5)  (2.125)2  .  8-06f 

(2)  (77) 

Xg  - 

1.12  inch 

y6  - 

11.87  inch 

E6  " 

0.106  inch 

(48)  (1.12)  (12) 

Atg-  (2)  (77)  (11.87)  (0.106)  -  3-33  F 


Forced  Convection  Heat  Transfer 


ft  Oil  Btu 

IBTTT 


At 


v  — 


10  F  (This  value  is  specified  as  a  design  criteria  in  calculating 
the  mass  flowrate  of  required  cooling  air) 


(48) 

1$)  (0.24)  (10) 


10 


hr 


lbm 

0.075  _ „  at  1  atmosphere  pressure  and  70  °F 

fi? 


Xf  a 

Zd  “ 
V  = 


0.50  inch 
O.163  inch 

(10)  (H*4) 

(0.075)  (0.50)  (0.163) 


2.36  (10)5  Q 

hr 


2.36  (10)5 
3600 


65-5gg 
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(It)  (0.50)  (0.163)  .  0-aW 

Inch  or  0.0205  ft 

D  (2)  (0.50  +  0.163) 

»  1.22  (10)"5  lbn 

ft  sec 

Re*,  =  (0.079)  (65.5)  (0.0205)  a  8230 
D  (1.22)  (10)“5 

Pr  «  0.71 


yf  =  12.00  inch 


Rur 


(o.n6) 


(8230 )2/3  -  12 J 


31.4 


0.0151 


Btu 


hr  ft  F 


(31.U)  (0.0151)  _  Btu 

fu  “  0.0205  "  hr  ft^  F 


Heat  Transfer  in  Fins 


zf 


m 


0.035  inch 


4 


(2)  (23.1)  (12) 

(77)  (0.035) 


14.37  ft 


(48)  (144) 


A  f  ~  (2)  (14.37)  (77)  (12.00)  (0.035)tan  h 

(14.37)  (0.50H 

-  12  J 

=  13.87  F 
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Cooling  Air  Pressure  Drop 


£  »  0.001  Inch 

o.ooi  ,  , 

D  0.246  “  o.oo4o6 
Ad  -  0.038 

Ap  ,  (0.038)  (12.00)  (0.073)  (65.5)2  *bf 

d  (0.2 46)  (2)  (32.17)  * ( 

“  Pm  "  1,78  18011  %° 


Cooling  Air  Punplng  Bower 
\c  -  26 


r 


(2)  (26)  (10)  (9.27  +  26.1)  =  2  45  (10)5 
0.075 


(2.45)  (10)5  (1.356) 
3600 


92.3  watte 


lb  f  ft 
hr 


Suninary  of  Results 

If  &  cooling  air  inlet  temperature  of  75  E  in  assumed,  the  calculated  temperature 
through  a  cell  may  be  summarised  as  follows: 

End  of  Generator  at  Cooling  Air  Tni»t 


Air  inlet  temperature 

75.0  F 

Bi-Polar  plate  temperatures 

Fin  base 

75-0  +  A  tp  =  88.9  F 

Edge  of  active  area 

88.9  +  A  t  =  92.2  F 

Centerline 

s 

92.2  +  =  100 •  3  F 

100.3  +  At  =  100.4  F 

Pin-electrode  contact 
temperature 

Maximum  electrode 

p 

temperature 

100.4  +  At,  =  104.0  F 

S 
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End  of  Generator  at  Cooling  Air  Exhaust 


Air  exhaust  temperature  85.O  F 

Bi-polar  plate  temperatures 

Fin  base  98.9  F 

Edge  of  active  area  102.2  F 

Centerline  110.3  F 

Pin-electrode  contact  temperature  110.4  F 

Maximum  electrode  temperature  114.0  F 


This  temperature  profile  (°F)  is  shown  schematically  as: 


FIGURE  B-l 

BI-POLAR  PLATE  TBffERATUHE  PR0FHJS 


Generator  Gas  Pert  Design 

following  calculations  illustrate  the  nanner  In  which  the  oxygen  generator 
manifolds  and  ducts  were  designed. 

r  Conditions: 

Flowing  media:  air 

Temperature:  104*F,  average  temperature  between  the  maxi  mum  and 

minimum  electrode  temperature . 

1  atmosphere 

0.892  SC JM  (5  times  the  theoretical  flowrate  for 
generating  0.2  lb  per  hour  of  oxygen) 
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Pressure: 

Maximum  Flowrate: 


c)  AIR  FLOWRATE  CALCULATION 


Two-tenths  of  a  pound  of  oxygen  per  hour  represents  a  volume  flowrate  of  2.24 
SCFH.  Since  air  contains  approximately  21$  oxygen,  the  theoretical  flowrate 
of  air  required  to  deliver  0.2  lb  O^/h r  is  2.24/0.21  or  10.7  SCFH.  The  air 
flowrate,  F,  to  be  supplied  to  the  generator  for  any  current  loading,  I,  and 
any  desired  multiple  of  the  theoretical  minimum  air  flow,  T,  can  be  calculated 
from  the  expressions 


0.2  lb  02/hr 

11.7  amps 


(i) 


10.7  SCFH 
0.2  lb  02/hr 


(T) 


or 


F  =  0.912  (l)(T)  in  SCFH  or  0.0152  (l)(T)  in  SCFM 

where  I  is  in  amps  and  T  is  the  dimensionless  multiple  of  the  theoretical 
air  flowrate. 


Using  this  calculational  procedure  as  an  example.  Table  C-l  was 

prepared  relating  generator  current  or  0p  output  and  the  theoretical  air  flows 

reauired  for  producing  this  oxygen  from  the  2 6  module  unit. 

p)  GENERATOR  PORT  DESIGN 

For  the  generator  bi-polar  plate  (See  Figure  D-l)  the  design  objective  is  to 
specify  the  diameter  of  the  gas  exit  and  inlet  ducts  and  the  pressure  drop 
across  the  generator. 


l)  Calculation  of  Duct  Diameter 


To  avoid  unequal  air  distribution  between  each  of  the  2 6  air  compartments  of 
the  generator  requires  that  the  pressure  drop,  through  the  gas  ducts  feeding 
the  air  compartments,  be  ICO  or  more  times  the  pressure  drop  experienced  by 
the  air  feed^)  air  fee&  pressure  drop  is  that  resulting  from  the  flow 

of  the  inlet  air  down  the  entire  length  of  the  port  passage  as  it  is  formed 
by  stacking  together  2 6  bi-polar  plates.  The  proper  duct  diameter  to  meet 
this  requirement  was  determined  as  follows: 


Reynold’s  number  down  port  passage 


D  V  P 


D 

A 


▼r 


in  =  3*65  x  10 

1.05  x  1 0-i  ft2 

692'  ! _ 

2  !6o  '  1.05  x  icr- 


ft 


=7*10  ft/ sec= 


port  passage  diameter 

port  cross  sectional  area 

air  velocity  thru  port  passage 


p  =  J.lk  x  10"2  lb/  tJ 
/A  =  1.25  x  10-5  Ib/ft-sec 


=  air  density 


=  air  viscosity 


6k 


TABLE  C-l 

THEORETICAL  AIR  FLOW  RATES 


Output, 

lb/hr 

Current, 

saps 

Theoretical  Air  Flow  Rate  - 

SCFM 

1  Tines  | 

2  Tines 

3  Tines 

4  Tines  | 

5  Tines 

0.017 

1.0 

0.0152 

0.0304 

0.0457 

0.0609 

0.0761 

0.043 

2.5 

0.0381 

0,0762 

0.114 

0.152 

0.191 

0.085 

5.0 

O.O761 

0.152 

0.226 

0.304 

0.381 

0.128 

7-5 

0.114 

0.228 

0.342 

0.457 

0.571 

0.171 

10.0 

0.152 

0.304 

0.457 

0.609 

0.761 

0.200 

U.7 

0.178 

0.357 

0.535 

0.715 

0.892 

0.214 

12.5 

0.190 

0.381 

0.571 

0.761 

0.952 

0.256 

15.0 

0.228 

0.457 

0.685 

0.913 

l.l4 

0.295 

17.5 

0.266 

0.533 

0.799 

1.07 

1.33 

0.342 

20.0 

0.304 

0.609 

0.913 

1.22 

1.52 

0.384 

22.5 

0.342 

0.685 

1.03 

1.37 

1.71 

0.430 

25.0 

0.380 

0.761 

l.l4 

1.52 

1.90 

0.470 

27.5 

0.418 

0.837 

1.26 

1.67 

2.09 

0.513 

30.0 

0.457 

0.913 

1.37 

1.83 

2.28 

0.555 

32.5 

0.49** 

0.989 

1.48 

1.98 

2.47 

0.598 

35.0 

0.532 

1.07 

1.60 

2.13 

2.67 

0.642 

37-5 

0.571 

l.l4 

1.71 

2.28 

2.86 

0.684 

40.0 

0.609 

1.22 

1.83 

2.44 

3.06 

The  relationship  between  oxygen  generated,  v,  In  lb/hr  and  the  2 6  cell  generator 
current,  I,  is 

w  -  0.0171  I 
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FIGURE  D-2 

PORT  PASSAGE  FORMED  BY  STACKING  TOGETHER  26  BI -POLAR  PLATES 
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Re  = 


3.65  x  10 “2 

7.10 

7.14  x  10“2 

1.25  x  10-5 

Flow  is  laminar,  .  .  laminar  fluid  flow  relations  apply. 


A  P  =  (LV) 

gc  D 


L  =  passage  length 
g  =32.2  ft/sec2 


The  configuration  of  the  port  passage  is  shown  in  Figure  D-2. 
Pressure  drop  from  entrance  of  plate  to  first  duct  is: 


Ap  = 


32 

1.25  x  10-5 

0.5 

7.10 

32.2 

(3.65)2  x  10~k 

12 

A  P  =  2.76  x  lO-3  lb/ft2 


For  the  port  passage 
32 


Ap  =  iL— 2  (L1V1  +  L2V2+  . +  L26V26) 


gcD 


L1  =  L2  -  % 


A  p  =  32  ^-L  (v  +  vp  + 

gc  D2  26  1  2 


+  V 


V2  = 


r26  =  25  V1 


24 

v3 =  h  v 


Ap  = 


1 

32  L 
g  D2  26 


V1 

2Z 


(26  +  25+ . +  1) 


V  =7-10  ft/sec 
A  „  32  U  L  V1 

AP  =  ITS*  2& 


p  =  26 

E  ” 


32  U  LV1 
gc  D2  262 


n  (n  +  1) 
2 
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1 


A  P  =  1.38  x  10  "2  lb /ft2 

Total  pressure  drop  =  I.38  x  10  2  +  2.76  x  10  ^  =  1.66  x  10  2  lb/ft2 

The  pressure  drop  down  the  duct  diameter  passage  vay  should  be  approximately 
100  times  this  value. 

Assume  duct  diameter  is  k2  mils 
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where 


Kc  =  1.0 


K  =  1.08 

e 


A  p1  +  A  p3 


(2.08) 

(14. 8)2 

7.14  x  10“2 

2 

32.2 

.504  lb/ft2 


Ap  = 


D 


L  =  0.675  in  =  5.63  x  10  ~2  ft 


32 

1.25  x  10”5 

5.63  x  10~2 

14.8 

32.2 

(3.5)2  x  10"6 

A  P2  =  0.847 

Total  pressure  drop  =  (8.47  x  10"-'-  +  5-04  x  10  ^ 

R&tio  of*  ^e5SUre  drop  through  duct  passage 
Pressure  drop  through  port  passage 

Ratio  =98  100 

Therefore  duct  diameter  of  k2  mils  is  reasonable. 

2)  Calculation  of  pressure  drop  through  generator. 

The  total  pressure  across  the  generator  is  composed  of: 


Contraction  pressure  drop  from  port  to  duct  (A  P^) 
Pressure  drop  through  duct  (A  P^) 
Expansion  pressure  drop  into  field  (A  P^) 
Pressure  drop  through  field  (A  P^) 
Contraction  pressure  drop  from  field  to  duct  (A  P^) 
Pressure  drop  through  duct  (Ap6) 
Expansion  pressure  drop  from  duct  to  port  (Ap  ) 


For  simplicity  pressure  drop  due  to  pin  resistance  and  flow  path  bends  have  been 
neglected . 


)  =  1.35 

I.IrlhcrE  "98  2=100 


Ap,,  A  P0  and  Ap  have  been  calculated  In  part  "a".  Since  the  bi-polar 
design  is  symmetrica*  AP,.,  A  Pg  and  A  P,..,  =  A  P^,  A  and  A  P^ 


Ap,.  . 


32  /X  Lp  VF 


g  D 
6c  e 


Lp  =  field  length 

V_,  =  Velocity  through  field 

IV 

Dg  =  equivalent  diameter  of  flow  passage 
Lp  =  2-  1  =  1.96  ft 


The  flow  passage  in  the  field  is  of  rectangular  shape,  1  inch  wide  by 
l/l6  inch  in  depth: 


i»yi6 
A  144 


=  4.34  x  10_I*  ft2 


.892 

.663  f*t 

2 

26 

60 

4.34  X  10'^  Sec. 

De  ”  k  f(l  +  1^16 )x(l  +  1/16)]  "  9,8  X  10  3  f' b 


32 

1.25  x  10"5 

1.96 

.663 

32.2 

(9.8)2  x  10~b 

lb/ft2 


Total  pressure  drop: 

2  (  Ap2  +  A  p2  +  A  p^)  +  A  p4  =  2  (13.51  x  10"1)  +  1.61  x  10' 
=  2.83 

Apiotal  =  2,85  =  •°398  in  Hg  =  0.545  in  water 
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E.  HUMIDIFIER  GAS  PORT  DESIGN 


Conditions: 

Air  Flow:  O.892  ft^/min 

Temperature  :  70°F  (air  inlet  from  ambient) 

Pressure:  1  atm 


Air  is  to  flow  through  a  modular  assembly  of  10  frames,  each  with  the  dimensions 
given  in  Figure  E-l. 

Port  Diameter  - 


Solution:  Assume  port  diameter  iB  3/8  in. 

"jJL  a  *  (3.12^  x  10  =  7^4  x  10-4  n2 


A  = 


D  = 


V  = 


0.375  in.  =  3.12  x  10"2  ft 

=  19.5  ft/sec 


.892 

7.64  x  10-4 

60 

0  =  7.60  x  10-2  lb/ft5 

u.  =  1.20  x  10-5  lb/ft  sec 


Re  = 


D  V  P 

3.12  x  10“2 

19.5 

7.60  x  10"2 

1.20  x  10"5 

Flow  is  laminar,  therefore,  pressure  drop  equations  outlined  in  the  generator 
gasport  design  calculations  are  also  applicable  to  this  portion  of  the  design. 


Thickness  of  humidifier  endplate  =  0.5  in. 


Ap 


32  ^ 


gc  D 


L  V 
2 


=  pressure  drop  through  endplate 


32 

1.20  x  10”5 

.5 

19.5 

32.2 

(3.12)2  x  lO-4 

12 

9.94  X  lo"5  lbs/ft2 


The  pressure  drop  through  the  duct  passage  or  manifold  is: 


L  = 


32  /J.  L  Vx  [n 


g 

c  D2  (102) 

10 

l/8  in 

12 

(*  +  1)] 

2 

.104 
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Total  pressure  drop  =  (7.04  x  10-^  +  99*4  x  10”^)  = 

1.06  x  10~2  lb/in2 


If  port  hole  is  properly  specified,  the  pressure  drop  down  the  ducting  passage 
will  be  approximately  100  times  this  value. 


Flow  is  laminar  and  equations  listed  in  the  generator  gas  port  design  calculations 
are  also  applicable  for  thfe  portion  of  the  design. 


A  P,  +  A  P,  =  1.47  lb/ft2 


=  3.35  x'10"1  lb/ft2 
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Total  ducting  pressure  drop  =  1.47  +  0.34  ■  1.8l  lb/ft^ 

pressure  drop  through  duct  passage  _  1.8l _  _ 

Ratio  o  pressure  drop  through  port  passage  "  9  94  x  10"^ 

This  ratio  is  100  or  greater,  therefore,  an  inlet  port  diameter  of  3/8  inch  was  a 
proper  choice. 


P.  COOLANT  AIR  DUCTING  DESIGN 


The  following  calculationai  procedure  was  used  in  designing  the  coolant  air 
ducting  system. 

Total  flow  rate  of  air  required:  116  SCIM 
This  value  is  calculated  as  follows: 

The  design  conditions  for  the  generator  were: 


current  =  11.7  amps 

maximum  cell  voltage  =  1.2  volts 

number  of  cells  =  26 


Maximum  generator  heat  load  = 
20.8  BTU/min. 


11.7 

1.2 

_2§ 

«  366  watts  or 


Air  cooling  rate  (w)  =  - - 

.226  BTU 
F 

=  10°F  (assumed) 


20.8 

.226 

10 

9.22  ^  116  SC5M 


Air  is  to  be  divided  into  two  streams.  One  half  of  the  air  flow  cools  front 
bipolar  plate  fins.  Remaining  air  flow  cools  back  bipolar  plate  fins. 


74 


The  cooling  air  enters  tangent  to  the  fin  passages.  A  Plexiglas  strip  with 
circular  holes  that  are  in  the  center  of  each  of  the  fin  passageways  is  placed 
parallel  to  the  air  flow  direction.  The  design  problem  is  to  specify  the  hole 
diameters  in  the  Plexiglas  so  that  equal  air  flow  passes  through  each  of  the  fin 
passageways  of  the  bipolar  plates.  The  dimensions  of  the  flow  chamber  are  given 
in  Figure  F-l 


FIGURE  F-l 

DIMENSIONAL  DIAGRAM  OF  COOLING  AIR  PASSAGE 
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I 


p  =  7.60  x  10"2  lb/ft5 

f±  =  1.20  x  10"5  lb/ft-sec 


This  is  a  turbulent  value  of  the  Reynold's  number  and,  therefore,  a  set  of 
equations  different  from  those  used  in  preceding  sections  are  needed  to 
determine  the  pressure  drop  along  the  air  passageway  (See  Figure  F-2). 


■  ■  1  1 

Fin  Passage  Fin  Passage  Fin  Passage 


No.  1  No.  2  No.  26 


FIGURE  F-2 
COOLING  GAS  PASSAGE 
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p  = 


2X  P 


Degc 


n=26 

E 

nel 


(L  v  2) 

'  n  n  ' 


-  §¥-  (Ll  vl*  *  *6  v22  * 


"e  «o 


.  +  L26  va6  ) 

X  =  friction  factor 

h-  h  -  h 


A  »  _  2  X  P  L 

"  03 


e  wc 


<  V  ♦  V, 


+  v262> 


V  =  ^  v 
2  2&  V1 


Vo2  =  I25fy2 
2  (26)2  1 


'26  "  25  Vi 


a  p , i x  p  Ly 

De  gc  26^ 


(262  +  252  + . .  l2) 


A  P  = 


2  X  P  L 

De  «o  263 


n=26 


n=l 


A  P 


2  X  P  L  Vj2  n  (n  +  1)  (2n  +  1) 


D  g  26" 
e  c 
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For  a  Reynold's  number  of  8.45  x  104  and  assuming  the  flow  passage  Is  smooth  ^ 


X  “  M  X  10"5 


L  =  ~~  =  4.17  x  10 _1  ft 


Ap  = 


2_ 

4.7  x  10“5 

7.60  x  10"2 

4.17  x  10"1 

(2.23)2  x  104 

5.96  x  10-2 

3.22  x  10  ! 

(2.6)5  x  103 

6 

2.6  x  10 

2.7  x  10 

5.3  x  10 

A  P  =  2.71  lb/ft2 

The  pressure  drop  through  the  hole  In  the  Plexiglas  strip  should  be  approximately 
100  times  this  value,  in  order  to  assure  equal  air  flow  distribution  along  each 
of  the  fin  passages.  In  turbulent  flow  the  hole  in  the  strip  can  be  treated  as 
an  orifice.  If  the  linear  velocity  entering  the  orifice  is  small  in  comparison 
with  the  velocity  through  the  orifice,  the  pressure  drop  is: 


Ap 


V2P 


p 

C~  2  go 
o  c 


This  is  a  reasonable  assumption  for  this  design. 


CQ  «  orifice  coefficient  Zz  6.1  x  K)"^  (assumed) 


Assume  the  orifice  opening  is  :  0.1  inches  in  diameter 


V  a 


Iris  ~  6.85  x  102  ft/sec 


(6.85)2  x  104 

7.60  x  10-2 

(6.1)2  x  10~2 

2 

3.22  x  10 

=  1.49  x  105 
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Ratio  of  Presaure  flroP  through  orifice 

pressure  drop  through  flow  passage 


1.49  x  105 
2.7I 


The  ratio  of  100  or  greater  was  met  and  therefore  the  orifice  size  of  0.1 
inches  was  appropriate. 
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